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RELATED  TECHNOLOGIES 


ABSTRACT: 


The  objective  of  this  volume  is  to  present  a  complilation  of  the  various 
Mechanical  Engineering  disciplines  that  make  up  the  experience  of  the 
Structural  Engineer.  This  compendium  relates  these  diverse  areas  of 
technical  knowledge  to  the  general  problem  of  dynamic  integrity  in  the 
equipment  system. 

For  convenience,  the  eleven  chapters  of  Volume  III  are  organized  into 
three  categories;  those  subjects  dealing  with  the  analytical  aspect  of 
structural  dynamics;  those  subjects  concerned  with  the  validation  of 
the  equipment  system  and  the  accumulation  of  dynamic  data;  and  those 
subjects  dealing  with  the  execution  of  the  equipment  package. 

Each  chapter  is  a  complete  treatise,  having  its  own  terminology,  selected 
bibliography,  and  handbook-type  information  to  support  the  technology. 
Each  chapter  also  relates  to  the  general  problem  of  shock  and  vibration, 
and  illustrates  the  utility  of  the  speciality  in  improving  structural 
reliability.  In  all  chapters,  the  information  is  presented  in  the 
language  of  the  Mechanical  Engineer  and  stresses  the  structural  design 
and  execution  aspects  of  the  equipment  packaging  problem. 
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URALIZAnOHB  USED  IN  ENGINEERING  MECHANICS 


Engineering  mechanic*  is  based  on  the  representation  of  the  physical  world  by  a  hypo¬ 
thetical,  highly  simplified  model.  The  uestricti  ons  involved  in  the  use  of  these  sim¬ 
plifications  must  be  understood  in  order  tc  allow  their  application  without  los6  of 

meaning. _ _ 

Analytical  mechanics  like  all  analytical  sciences  is  based  on  the  representa¬ 
tion  of  the  physical  world  by  a  hypothetical,  highly  simplified  model.  The 
concepts  involved  in  these  simplifications  are  reviewed  in  order  to  clarify 
the  restrictions  involved  in  their  use. 

The  Continuum:  In  problems  where  only  the  average  measurable  reactions  of 
bodies  are  of  interest  the  bodies  may  be  assumed  to  consist  of  a  continuous 
distribution  of  matter,  rather  than  an  association  of  elementary  particles . 

The  Rigid  Body:  In  problems  that  involve  the  determination  of  the  forces 
acting  on  a  body  in  response  to  some  applied  force,  It  is  often  possible  to 
neglect  the  deformation  of  the  body  under  the  applied  load.  If  the  deforma¬ 
tion  of  a  body  is  of  such  extent  that  the  final  orientation  of  the  loads 
applied  is  unknown,  this  assumption  is  invalid. 

The  Particle:  For  use  in  mechanics  problems,  a  particle  is  defined  as  a  body 
that  has  mass  but  not  size.  This  assumption  is  valid  and  useful  in  problems 
that  involve  the  action  of  a  body  under  the  influence  of  body  forces,  such 
as  gravity. 

The  Point  Force:  Any  force  acting  on  a  real  body  through  a  point  of  contact 
will  cause  local  deformation  resulting  in  a  finite  are?  of  contact.  In 
maqy  problems  this  contact  area  may  be  ignored  and  the  force  considered  as 
acting  at  a  point. 

Free  Body  Diagrams:  A  free  body  diagram  is  a  sketch  of  a  body  or  portion 
of  a  body,  with  all  interacting  bodies  removed  and  replaced  with  equivalent 
forcea.  In  order  to  construct  a  free  body  diagram,  the  forces  equivalent 
to  various  typ*«  of  supports  must  be  known.  Ifce  figure  shown  at  the  right 
gives  the  force  equivalents  of  camaon  types  of  supports. 
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FREE  BODY  DIAGRAMS:  An  equivalent  force  system  representing  a  portion  of 
a  complex  system  Is  the  basis  of  most  mechanical  analysis. 


1.1-1 
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BASIC  CONCEPTS  OF  ENGINEERING  MECHANICS 


The  formulation  and  solution  of  engineering  mechanics  problems  consists  of  the  appli¬ 
cation  of  the  basic  lavs  within  a  standard  set  of  dimensions  and  units. _ 


The  solution  of  problems  in  analytical  mechanics  depends  on  the  logical 
application  of  the  lavs  of  mechanics  in  a  consistent  manner.  This  involves 
the  definition  and  use  of  a  standard  set  of  dimensions  and  units,  and  under¬ 
standing  of  the  basic  lavs  themselves. 

Dimensions  and  Units:  The  choice  of  independent  basic  dimensions  to  be  used 
in  mechanics  is  somewhat  arbitrary.  The  two  most  common  English  systems 
used  are  Force,  Length,  and  Time  (FUT);  and  Mass,  Length,  and  Time  (MLT). 

Of  these  two,  the  second  is  preferred  on  philosophical  grounds  as  Mass  is  a 
property  of  matter  whereas  Force  is  a  defined  quantity.  In  either  case,  the 
three  dimensions  constitute  the  set  of  independent  dimensions  for  mechanics 
problems  and  all  other  quantities  are  defined  in  terms  of  them.  The  units 
attached  to  the  basic  dimensions  to  be  used  in  this  handbook  (MLT)  are  the 
following: 


Mass:  pounds 

Length :  feet 
Time:  seconds 

In  the  alternative  (FIT)  system,  6lugs  would  be  used  as  the  mass  unit.  This 
has  the  advantage  of  eliminating  the  gravitational  constant  from  the  Force- 
Mass  relationship.  In  this  text  the  pound  mass  (lbm)  unit  will  be  used  on 
the  grounds  that  it  is  a  more  familiar  unit  for  most  engineers.  With  the 
lbm  chosen  as  the  mass  unit,  the  force  unit  (pound  force,  lbf)  is  defined  as: 

lbf  =  golbm  (ft/sec2) 

Where  gQ  is  the  gravitational  attraction  of  1  lbm  under  standard  conditions, 
the  quantity  gQ  is  then  the  proprotionality  constant  relating  force  and  mass. 

gQ  =  lbm  ft/lbf  sec2  =32.2 


Dimensional  Homogeneity:  Any  valid  analytical  formulation  of  a  physical 
law  must  be  independent  of  the  system  of  units  used.  This  is  apparent  from 
the  fact  that  a  change  in  the  system  of  units  does  not  affect  the  phenomena 
described.  The  consequence  is  that  all  terms  in  an  equation  must  have  the 
same  dimension  when  reduced  to  basic  dimensions.  This  serves  as  a  check  on 
the  validity  of  any  derived  relationship. 

The  laws  of  Mechanics:  Analytical  mechanics  is  based  on  a  relatively  few 
basic  laws.  These  consist  of  Newton's  three  laws  of  motion,  the  law  of 
gravitational  attraction,  and  the  parallelogram  law.  A  sunnary  of  these 
laws  is  given  at  the  right.  Newton's  first  law  of  motion  may  be  interpreted 
as  defining  the  coordinate  systems  in  which  the  second  law  is  valid.  These 
systems,  called  inertial  reference  systems,  consist  of  those  which  are  fixed 
or  in  uniform  motion  with  respect  to  the  fixed  stars.  A  coordinate  system 
fixed  to  the  earth's  surface  is  not  an  inertial  system.  However,  for  many 
engineering  problems  the  second  law  may  be  assumed  to  be  valid  in  this 
coordinate  system.  The  errors  introduced  are  generally  negligible  except 
when  the  displacements  involved  are  large. 
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1.  Every  body  continues  in  a  state  of  rest  or  uniform 
motion  in  a  straight  line  unless  acted  upon  by  external 
forces. 

2.  Hie  acceleration  of  a  body  is  proportional  to  the 
force  acting  on  it  and  in  the  direction  of  the  force. 

3.  To  every  action  there  is  always  opposed  an  equal  reaction. 
Law  of  Gravitational  Attraction 

Two  particles  are  attracted  toward  each  other  along  their 
connecting  line  with  a  force  whose  magnitude  is  directly 
proportional  to  the  product  of  their  masse3  and  inversely 
proportional  to  the  square  of  the  distance  between  them. 

Parallelogram  Law 

The  equivalent  of  two  forces  applied  at  a  p  at  is  their 
vector  sum. 


NEWTON'S  LAWS:  The  basic  laws  of  mechanics  and  dyna  ’s  have  been 
summarized  by  Newton. 


1.1-3 
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SqpiUBRUM  METHODS  IN  ANALYTICAL  MECHANICS  PROBIOB 

Application  of  the  laws  of  mechanics  to  the  determination  of  unknown  forces  acting  on 
a  body  frequently  Involves  the  consideration  of  equilibrium  conditions  only. _ 


The  first  and  second  laws  of  motion  state  that  for  a  body  in  equilibrium  (one 
that  is  at  rest  or  in  uniform  motion  with  respect  to  an  inertial  reference) 
the  sum  of  the  forces  acting  on  the  body  must  equal  zero. 

In  solving  for  the  unknown  forces  acting  on  a  body,  the  equilibrium  equations 
are  applied  at  a  point,  generally  the  center  of  the  coordicate  system.  In 
order  to  apply  the  equilibrium  equations  at  this  point,  the  forces  and 
moments  acting  on  the  body  must  be  replaced  by  an  equivalent  set  of  forces 
and  moments  acting  at  the  point.  For  rigid  body  problems  an  equivalent 
system  of  forces  is  defined  as  one  which  results  in  the  same  total  force 
and  moment  vectors  on  the  body.  The  following  rules  define  the  development 
of  equivalent  force  systems: 

1.  Moment  vectors  are  free  vectors;  they  may  be  moved  to  any  point  in 
space  providing  the  magnitude  and  direction  of  the  vector  is  not 
changed. 

2.  Force  vectors  are  transmissible  vectors;  they  may  be  moved  along 
their  line  of  action. 

3.  If  a  force  vector  is  moved  to  a  position  parallel  to  its  original 
position,  it  must  be  supplemented  by  a  moment  vector  equal  in  mag¬ 
nitude  to  the  force -distance  product. 

Summarizing  the  equivalent  force-moment  system  in  vector  notation: 

t  -  £  ■?!  ;  "X  -  x  ?!  + 

The  equilibrium  equations  for  a  body  are  therefore: 

-  0  ;  £  £c^  -  0 

In  solving  for  unknown  forces  acting  on  a  system  of  structural  members  the 
first  step  is  to  construct  a  free  body  diagram  of  the  entire  system.  The 
equilibrium  equations  are  expanded  to  scalar  form  and  applied  to  the  system 
free  body  diagram.  Simultaneous  solution  of  this  set  of  equations  determines 
the  unknown  forces  if  the  number  of  unknowns  is  now  more  than  the  number  of 
unknowns.  If  there  are  more  unknowns  than  equations,  the  system  free  body 
diagram  must  be  broken  down  into  component  free  body  diagrams  and  the  equi¬ 
librium  equations  applied  to  the  individual  diagrams.  The  adjacent  Figure 
illustrates  the  development  of  a  free  body  diagram  for  a  system  of  linkages 
and  for  the  component  parts.  Note  that  in  assuming  a  direction  for  the 
forces  at  a  link  connection,  the  forces  on  the  interacting  bodies  must  be 
assumed  in  opposite  directions  in  accordance  with  the  third  law  of  motion. 

The  weight  attached  to  the  linkage  in  the  figure  is  assumed  to  transfer  its 
load  through  the  pin  at  B.  This  pin  is  shown  as  a  separate  free  body.  An 
alternative  method  of  diagramming  the  same  problem  would  be  to  cut  the  entire 
system  at  some  plane  and  show  the  free  body  diagram  in  terms  of  the 
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internal  forces  In  the  links  at  the  cutting  plane.  In  any  case,  if  when 
a  free  body  diagram  has  been  constructed  for  each  of  the  component  parts, 
there  are  still  more  unknowns  than  equations  of  equilibrium,  the  system 
is  statically  indeterminate  and  determination  of  the  unknown  forces  will 
involve  the  consideration  of  deflections. 


EQUILIBRIUM  DIAGRAMS:  The  decomposition  of  structure  into  free  body 
diagrams  of  component  parts  is  a  fundamental  tool  of  force-system 
analysis. 


mmmm 
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VARIATIONAL  METHODS  FOR  THE  SOLUTION  OF  EQUILIBRIUM  PROBLEMS 


An  alternative  to  direct  application  of  the  equations  of  equilibrium  to  the  determina¬ 
tion  of  unknown  forces  in  equilibrium  systems  Is  provided  for  the  principles  of  vir- 
tual  work  and  minimum  potential  energy. 


In  developing  the  principle  of  virtual  work,  the  forces  acting  on  a  body  are 
considered  In  two  classes,  the  active  forces  (exterml)  (K.)  and  the  con¬ 
straining  forces.  The  constraining  forces  are  those  representing  the  inter¬ 
action  of  the  body  with  a  rigid  constraining  surface  in  space.  If  the  body 
Is  given  a  hypothetical  Infinitesimal  displacement  (dr)  along  the  constrain¬ 
ing  surface,  the  work  done  will  be  equal  to  the  dot  product  of  the  displace¬ 
ment  and  the  forces  acting  on  the  body: 

Work  =  dr  +  NJ  Work  =  Forces  Acting  x  Displacement 

From  the  equilibrium  equations,  the  quantity  £k.  *  N  =  0,  therefore,  an 
alternative  statement  of  the  equilibrium  condition  is: 

L6r  1  (Kr)1  =  0 

The  principle  of  virtual  work  nay  be  extended  to  include  frictional  forces 
acting  at  tne  constraining  surfaces  if  these  forces  are  considered  as  active 
forces  opposing  the  impending  motion,  that  Is,  the  direction  of  the  fric¬ 
tional  forces  is  independent  at  the  virtual  displacement.  Similarly,  the 
constraints  on  the  system  mj  be  removal  by  considering  virtual  displacements 
normal  to  the  constraining  surfaces  If  the  surface  forces  are  then  treated 
as  active  forces.  In  effect,  a  kgrw  at  freedom  is  being  added  to  the  sys¬ 
tem  v  1th  the  removal  of  the  rrmmr^g  n% . 

For  conservative  system,  thmt  la,  without  frictional  eifects  and  with 

forces  expressible  as  the  gradient  at  a  scalar  function,  another  alternative 
statement  of  equilibrium  wtj  be  fcvmalatad .  This  is  based  on  the  fact  that 
for  a  conservative  system  the  work  dome  and,  consequently,  the  change  in 
potential  energy,  in  displacement  along  any  path  is  Independent  of  the  path 
and  a  function  of  the  end  points  only.  If  the  change  in  potential  energy  of 
such  a  system  la  written  in  terms  of  an  expansion  of  the  force  field  It  can 
be  shown  thmt  for  first  order  effects  the  potential  energy  variation  for  a 
small  displacement  from  a  position  of  equilibrium  is  zero.  The  equilibrium 
conditions  for  the  system  may  consequently  be  expressed  in  the  following  form: 

=  0  Where:  p  =  potential  energy 

q^  =  an  independent  variable 

In  solving  problems  by  this  method,  the  potential  energy  of  the  system  Is 
written  in  terms  of  a  convenient  set  of  independent  variables  and  the  deriva¬ 
tives  of  the  potential  energy  with  respect  to  each  of  the  variables  set  equal 
to  zero,  giving  a  set  of  equations  which  may  be  solved  for  the  unknown  forces. 
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Illustrative  Problem:  To  determine  the  force  in  member  AB. 

Solution:  By  synnetry  the  support  reactions  are  1000  pounds  each. 

A  free  body  diagram  shown  below  holds  the  body  in  equilibrium.  The  desired 
force  is  (F).  The  reactions  at  (C)  are  (Rjj)  and  (Ry).  The  reaction  at  the 
roller  is  (R). 


Now  permit  a  virtual  angular  displacement  of  the  free  body  about  point  (C). 
The  displacement  angle  {AB)  Is  arbitrarily  small. 


The  Infinitely  small  displacement  angle  results  in  infinitely  small  dis¬ 
placement  distances  {At')  at  point  (B)  and  (  At")  at  the  roller  reaction. 
There  is  a  work  contribution  by  the  roller  reaction  (R)  and  the  force  (F) 
but  the  contribution  by  the  1000  lbs  weight  at  (B)  is  zero  since  the  dis¬ 
placement  is  perpendicular  to  the  weight.  Hence, 

F  (I 'AB)  =  R  {V'AB) 

which  gives 

I”  1" 

F  =  R  jr  =  1000  t- 

For  I"  =  1'  as  given, F  =  1000  lbs  (compression)  the  compression  arises 
from  considering  moments  about  point  (C).  The  force  (R)  exerts  a  CCV 
moment  hence  the  force  (F)  must  exert  a  CW  moment.  For  this  the  force  (F) 
must  represent  a  compression  in  member  (AB). 
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EQUILIBRIUM  METH0D6  OF  ANALYSIS  FOP  COWON  ENGINEERING  STRUCTURES 


Determination  of  the  internal  forces  in  structures  is  simplified  by  class!  fying  the 
structures  according  to  function  and  loading,  such  as  trusses  and  beams,  and  by  using 
appropriate  methods  of  analysis  for  each  category. 


Trusses:  A  truss  1b  a  system  of  uniform  members  constructed  to  support  loads. 
It  may  have  welded,  pinned,  or  riveted  Joints.  In  analyzing  trusses  aB  rigid 
bodies,  it  is  assumed  that  all  Joints  are  pinned  or  Joined  vlth  ball  and 
socket  Joints  and  that  all  loading  is  at  the  Joints  with  the  members  them¬ 
selves  weightless.  Trusses  may  be  "Just  rigid,"  that  is,  statically  deter¬ 
minate,  or  they  may  be  over-rigid.  Over-rigid  trusses  (i.e.,  those  whose 
rigidity  is  not  destroyed  by  the  removal  of  one  or  more  of  the  members)  are 
statically  Indeterminate  and  deformation  must  be  considered  in  their  analysis. 
The  necessary  criteria  for  the  determination  of  a  "Just  rigid"  truss  ir: 

m  =  3J  -6  for  three-dimensional  trusses 
m  =  2J  -3  for  two-dimensional  trusses 

Where: 

m  =  the  number  of  members 
J  =  the  number  of  Joints 

The  criteria  specified  is  necessary  but  not  suffici  nt;  that  is,  it  is  pos¬ 
sible  to  construct  a  truss  which  satisfies  these  criteria  but  is  not  rigid. 
Forces  in  the  members  of  a  truss  are  determined  by  applying  the  equations 
of  equilibrium  to  a  free  body  consisting  of  a  portion  of  the  truss.  Gen¬ 
erally  the  free  bodies  chosen  consist  either  of  the  pinB  or  sections  through 
the  members. 

Beams:  A  beam  is  defined  as  a  member  that  is  subjected  to  a  transverse  load. 
Because  of  the  transverse  loading,  the  equivalent  force  system  at  a  cut  sec¬ 
tion  of  the  beam  consists  of  both  a  force  and  a  moment.  The  force  is  con¬ 
sidered  in  terms  of  its  normal  or  shear  axial  components.  The  sign  conven¬ 
tion  for  shear  and  bending  moments  is  defined  so  that  a  net  vertical  force 
upward  on  the  left  free  body  when  the  beam  is  split  is  positive  and  so  that 
a  bending  moment  which  would  cause  the  beam  to  deform  concave  upward  is  posi¬ 
tive.  Sign  conventions  are  illustrated  in  the  adjacent  figure.  Shear  and 
bending  moment  diagrams  are  graphical  plots  of  the  shear  and  moment  forces 
along  a  beam.  Analysis  of  a  beam  segment  shows  that  shear  and  moment  rela¬ 
tions  at  any  point  are  as  follows : 


dM 

Where:  dx  “  ^ 


V  --  Shear 
M  =  Moment 
w  =  Load 

x  =  Axial  Dimension 

Shear  and  Moment  Diagrams  are  illustrated  in  the  Appendix  or.  page  1.5-22. 
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SIGN  CONVENTIONS:  An  understanding  of  the  sign  convention  of  the  shear 
and  moment  directions  ir  beams  is  necessary  for  proper  numerical 
evaluation. 
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BASIC  MECHANICS 


SECTION  3  -  EVALUATION  OF  STRESS  EFFECTS 


•  The  Effect  of  ffeterlal  Behavior  on  Design  of 
Structures 

•  Shear  and  Bending  Stresses  in  Beaas 

a  The  Shear  Center  Concept  in  Beaa  Loading 
a  Torsional  Stresses 

a  Geometric  Considerations  in  Determination 
of  Stress  Levels 

a  The  Deflection  of  Structural  Members  Due  to 
Load 
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Section  3  -  Evaluation  of  Stress  Effects 


THE  EFFECT  QF  MATERIAL  BSiAVICR  OR  DESIGH  OF  STRUCTURES 


The  behavior  of  structural  members  under  load  is  a  function  of  the  properties  of  the 
■a trial  used,  aud  will  generally  constitute  the  limiting  design  criteria. _ 


Ibe  determination  of  unknown  forces  in  structures  discussed  in  the  previous 
paragraphs  was  based  on  the  consideration  of  the  structural  ambers  ss 
rigid  bodies.  The  distribution  of  internal  forces  in  members  and  their 
effect  on  the  naterial  farming  the  members  was  Ignored.  In  most  structural 
design  problems,  these  effects  will  constitute  the  limiting  design  criteria 
and  consequently  must  be  considered. 


The  stress  in  structural  members  at  a  cutting  plane  is  considered  in  terms 
of  the  stress  or  farce  per  unit  area  distributed  over  the  cross  section. 

The  internal  farces  in  a  member  are  divided  into  forces  normal  and  parallel 
to  the  cutting  plane  employed  in  the  free  body  section.  Stresses  are 
defined  in  terms  of  the  normal  and  parallel  farces  per  Incremental  area  as: 


Hormal  Stress: 


a  . 


lln  if 
AA-»0  A  A 


Parallel  (shear)  Stress: 


11*  AV 

AA— O  AA 


Where:  F  »  normal  force 

V  >  parallel  farce 

The  resultant  farce  at  the  plane  determined  by  equilibrium  conditions  is 
equal  to  the  Integral  of  the  stress  over  the  plane  area: 


F  -  to  dA 
JA 

In  order  to  have  a  uniform  distribution  of  stress  at  a  free  body  cutting 
plana,  the  resultant  force  vector  must  act  through  the  centroid  of  the 
cutting  plane  area. 

The  elastic  strain  In  a  material  under  load  is  defined  as  the  deformation  * 
per  unit  length  resulting  from  stress. 


Strain  (e)  •  — — 

The  relation  between  stress  and  strain  is  Independent  of  the  size  or  length 
of  the  ■mterlal  involved.  Plots  of  stress  versus  strain  for  many  struc¬ 
tural  materials  show  a  linear  relationship  for  the  initial  portion  of  the 
stress-strain  diagram.  Th'.e  is  known  as  Hooke's  Leu.  The  proportionality 
constant  relating  stress  and  strain  over  the  linear  portion  of  the  curve 
is  called  the  Elastic  Modulus  or  Young's  Modulus  of  the  material.  Ductile 
materials  such  as  mild  steel  will  show  a  definite  change  in  the  slope  of 
the  stress-strain  curve  at  the  point  where  the  linear  Hooke's  Law  ceases 
to  apply.  (Typical  stress-strain  curves  are  shown  in  the  Appendix,  page  1.5”^ • 
This  point  is  defined  as  the  Yield  Point  of  the  material.  In  very  ductile 
materials,  the  curve  of  stress  versus  strain  may  have  a  flat  spot  at  this 
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point  with  an  Increase  in  strain  occurlng  at  the  constant  stress  level. 
For  brittle  materials  without  a  well  defined  limit  of  stress-strain  pro¬ 
portionality  the  Held  Point  or  Elastic  Limit  of  the  materials  is  defined 
in  terms  of  a  percentage  of  permanent  deformation.  Until  the  Elastic 
Limit  is  reached,  the  material  will  return  to  its  original  dimensions 
when  the  load  on  it  is  removed.  This  property  is  called  Elasticity.  The 
Yield  Point  represents  the  Elastic  Limit  of  the  material  and  Increases  in 
stress  above  the  Yield  Point  stress  will  result  in  permanent  deformation. 
Most  structural  materials  show  the  same  stress -strain  relationship  for 
compression  loading  as  for  tension.  Some  exceptions  are  cast  iron  and 
cast  magnesium,  both  which  are  weaker  in  tension  than  in  compression. 

When  a  member  is  stressed  in  a  specific  direction  by  the  application  of  a 
force,  it  undergoes  a  strain  proportional  to  the  stress  in  the  direction 
of  the  loading,  as  discussed.  In  addition,  the  material  undergoes  an 
expansion  or  contraction  in  the  direction  normal  to  the  load  direction. 
This  deformation  or  strain  may  be  considered  as  an  attempt  by  the  material 
to  maintain  constant  volume .  Die  axial  and  normal  strains  are  related  in 
the  elastic  range  of  the  material  by  a  proportionality  constant  known  as 
Poisson's  Ratio: 


I 


Poisson's  Ratio  (  H  ) 


lateral  strain 
axial  strain 


where  the  strains  are  the  result  of  a  uni -axial  stress  only.  PoiSBon’s 
Ratio  for  most  steels  is  about  0.3.  The  lateral  strain  due  to  the  Poisson 
Effect  does  not  involve  additional  stresses  in  the  material  unless  the 
transverse  deformation  is  prevented  by  Borne  restraint. 

Consideration  of  shear  stress  on  a  two-dimensional  element  shows  that  the 
shear  stresses  existing  on  the  elements  surfaces  must  be  equal  and  directed 
toward  opposite  corners  to  satisfy  equilibrium  conditions.  The  element 
will  undergo  an  angular  deformation  through  an  angle  (  f )  as  a  result  of 
the  stresses  imposed.  The  angle  of  deformation  is  related  to  the  applied 
shear  stress  by  a  constant  of  proportionality,  called  the  Modulus  of 
Rigidity  (G)  or  shear  modulus  of  elasticity. 

r  =  Gy 


Where: 


T  =  Shear  Stress  (psi) 

G  =  Modulus  of  Rigidity  (psi) 
y  =  Deformation  Angle  (radians) 

It  can  be  shown  that  the  modulus  of  Elasticity  (E),  the  modulus  of 
Rigidity  (G),  and  Poisson's  Ratio  are  related  as  follows: 

r  _  _ E_ 

"  2(1  *  H) 
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SHEAR  AlfD  BENDING  STRESSES  IN  BEAi>E 


Shear  and  bending  stresses  In  beans  are  basic  to  the  understanding  of  the  toe  chan  Isms 
of  flexure  and  torsion. _ 


Shear  and  bending  stresses  In  beams  Involve  geometric  properties  other  than 
area  at  the  section  and  are  consequently  less  Intuitive.  The  determination 
of  these  stresses  Is,  therefore,  considered  In  more  detail  before  methods  of 
combining  stresses  are  discussed. 

Bending  Stresses  in  Beams:  The  analysis  of  deflections  of  beams  In  puie 
bending  Is  based  on  the  assumption  that  plane  sections  taken  normal  through 
the  beam  remain  plane  after  bending  and  that  Hooke's  lav  applies.  The  normal 
stresses  in  the  beam  due  to  bending,  consequently,  vary  linearly  as  the  dis¬ 
tance  from  the  neutral  axis  of  the  section.  Application  of  the  equations  of 
equilibrium  to  a  synaetrlcal  beam  section  with  external  moment  loading  in 
a  plane  parallel  to  either  principal  axis  is  given  by  the  following 
relation  between  applied  mement  and  beam  stress, 

a  =  My/ I 


Where: 


M  =  externally  applied  moment 
y  =  distance  from  Internal  axis 
I  =  moment  of  Inertia  of  section. 


The  same  equilibrium  conditions  show  that  the  netural  axis  of  the  beam 
passes  through  the  centroid  of  the  cutting  plane  area.  The  peak  stress  in 
the  beam  due  to  bending  will,  therefore,  occur  at  the  maximum  distance  from 
the  centroid.  Thi3  derivation  Is  based  on  the  assumption  of  a  homogenous 
beam  material.  Beams  of  more  than  one  material  may  be  treated  in  the  same 
manner  by  first  reducing  the  problem  to  an  equivalent  single  material  beam. 
This  Is  done  by  changing  the  dimensions  perpendicular  to  the  axis  of 
symmetry  by  the  ratio  of  the  elastic  moduli  of  the  materials. 


Shearing  Stresses  In  Beams :  In  the  consideration  of  beams  in  the  section 
on  statics  it  was  stated  that  dM/dx  =  V.  Therefore,  at  an  Interval  of 
beam  where  there  Is  no  shear  loading  there  is  no  change  in  the  bending 
moment.  The  axial  force  In  a  beam  due  to  the  bending  moments  is,  from  the 
equation  given  above; 


differentiating  with  respect  to  x: 

$  ■  /ff“  -  */f* 

This  quantity  is  defined  as  the  Shear  Flow  ( q ) : 


q  = 


dF 

dx 


VQ 

I 


t 


) 
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where  &)  is  the  value  of  the  integral  Jy  dA  for  the  partial  area  between  the 
axial  cutting  plane  and  the  outer  fibers  of  the  beam.  The  resultant  shear 
stress  for  a  thin  member  with  thickness  (t)  at  the  cutting  plane  is  given  by: 

_  1  dF  VQ 

T  '  t  dx  “it 

The  maximum  value  of  the  shear  stress  will  occur  at  the  neutral  axis  of  the 
beam.  For  a  beam  of  rectangula*'  section  the  maximum  value  of  the  shear 
stress  will  occur  at  the  neutral  axis  of  the  beam.  The  expression  for 
shear  flow  is  of  interest  in  the  determination  of  required  fastener  strength 
in  composite  beams.  An  illustration  is  given  in  the  figure  below.  * 


CROSS  SHEAR:  The  horizontal  shear  stress  in  the  attachment  of  a  com¬ 
posite  beam  is  a  function  of  the  vertical  shear  and  the  section  properties 
of  the  beam  parts. 


*A  sample  problem  further  illustrating  the  calculation  of  rivet  stresses 
in  composite  beams  due  to  horixontal  shear  is  given  in  the  Appendix  on 
Page  1.5-8. 
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THE  SHEAS  CETTE*  CONCEPT  IN  BEAM  LOADING 


Applied  loads  on  a  bean  must  act  through  the  shear  center  of  the  beam  in  order  to 
avoid  twisting  aorjents  about  the  bean  axis. 


Application  of  the  shear  flow  equation  to  the  syosetrical  I  beair  shows  that 
the  shearing  stress  in  the  flanges  valres  linearly  from  zero  at  the  outer  edge 
to  a  center-line  value.  The  zero  value  at  the  outer  fiber  is  required  from 
the  boundary  condition  for  a  free  surface.  Similarly,  the  value  of  the  shear 
stress  In  the  top  surface  must  be  zero.  If  an  element  In  the  lower  surface 
of  the  upper  flange  Is  considered  in  terms  of  the  same  boundary  conditions, 
a  contradition  is  apparent.  The  shear  stress  in  the  lower  surface  of  the 
flange  must  equal  zero  from  the  free  boundary  condition,  however,  the  shear 
stress  in  the  web  of  the  beam  at  this  level  is  not  zero.  A  discontinuity  in 
shear  stress  will,  therefore,  exist  at  the  point  where  the  lower  surface  of 
flange  Intersects  the  web.  This  is  in  violation  of  the  requirement  that  shear 
stresses  on  opposite  sides  of  a  cutting  plane  be  equal  and  opposite.  Resolu¬ 
tion  of  this  contradition  Involves  mathematical  methods  beyond  the  scope  of 
an  Introductory  treatment  of  the  subject.  The  formulas  derived  in  this  chap¬ 
ter  are  of  sufficient  Accuracy  for  most  design  purposes,  however,  the  shear 
stresses  in  the  flange  of  a  beam  will  generally  be  small  and  the  stresses 
in  the  web  are  given  by  the  derived  formula  with  reasonable  accuracy.  The 
existence  and  direction  of  the  shear  stress  in  cutting  planes  which  are  not 
parallel  to  an  axis  of  synmetry  of  a  beam  are  of  concern  in  the  determina¬ 
tion  of  loading  points  for  beams  which  are  ncnsymoetrical  in  the  loading 
plane.  Inconsistency  J n  the  determination  of  stresses  in  these  cases  may  be 
avoided  by  restricting  the  analysis  to  beams  of  thin  section  and  consider¬ 
ing  properties  at  the  sec-.ion  centerline  only.  The  accompanying  figure 
illustrates  the  shear  stresses  in  a  U-shaped  beam.  The  elements  Bhown  at  the 
top  and  bottom  corners  Indicate  the  shear  stress  directions.  The  shear  in 
the  upper  flange  is  directed  to  the  left  of  the  picture  and  that  in  the  lower 
flange  to  the  right.  As  a  result,  there  is  a  moment  at  the  section  due  to  the 
shear  forces  which  will  tend  to  twist  the  beam  about  itB  axis.  This  moment 
may  be  avoided  by  positioning  the  applied  loads  so  that  an  equal  and  opposite 
moment  is  developed.  The  point  through  which  the  external  force  must  act 
in  order  to  cancel  this  moment  is  called  the  ehear  center  of  the  section. 

For  the  beam  shown  in  the  figure,  the  shear  center  will  be  located  on  the 
horizontal  axis  of  syanetry  a  distance  (e)  from  the  back  surface  of  the 
beam.  The  distance  (e)  may  be  determined  by  equating  the  moment  due  to  the 
shear  stress  in  the  flanges  to  that  developed  by  the  externally  applied 
force.  The  average  shear  stress  in  the  flanges  will  be  equal  to  one-half 
the  value  at  the  flange-web  intersection.  The  moment  due  to  the  flange  shear 
stress  will  be: 


■  (?) 


bth  (internal  moment  on  beam  section) 

The  moment  due  to  the  externally  applied  force  (P)  will  be: 

Mg  -  Pg  (external  moment  on  beam  section) 
Where  P  must  equal  the  vertical  shear  force  at  the  section. 


P  =  V 


; 


♦  t 
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) 


Applying  Mg  =  with  P  ■  V 

Tbth  bth  VQ  bth  Vbt(h/2)  bZhZt 

e  =  —  =  SF  It  =  & — Tt  =  T F” 

When  any  externally  applied  transverse  force  acts  through  the  shear  center, 
the  member  does  not  twist.  The  shear  center  is  also  conmonly  called  the 
"Center  of  Twist". 


An  illustrative  example  dealing  with  the  concept  of  shear  center  is  given 
in  the  Appendix  on  page  1,5-11. 


SHEAR  CENTER:  The  equilibrium  point  of  the  moments  due  to  the  lateral 
shearing  forces  in  a  beam  locates  the  beam  shear  center. 


3 
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TOflBlOTiAL  STRESSES 


Shearing  stress  due  to  torsional  loading  nay  be  evaluated  by  a  general  equation  for 


and  non-circular  cross-sections. 


The  determination  of  the  shear  stress  In  a  member  due  to  torque  loading  about 
the  long  axis  of  the  member  Is  based  on  the  use  of  the  equations  of  equili¬ 
brium  to  find  the  torque  which  must  exist  at  a  section  in  order  to  balance 
the  external  loading.  The  distribution  of  stresses  at  the  section  must  be 
such  that  the  Integral  of  the  shear  stress  over  the  area  of  the  section 
equals  the  external  torque.  For  the  circular  or  tubular  sections  most 
generally  used  for  torque  loaded  members,  the  internal  stresses  are  assumed 
to  vary  linearly  vith  distance  from  the  neutral  axis,  and  deformation  is 
assumed  to  consist  of  rotation  only.  The  use  of  these  assumptions  leads  to 
the  following  relationship: 

Tp 

T  "  J 

Where: 

T  =  shear  stress 

T  =  torque  loading 

P  =  radius  from  neutral  axis 

J  =  po.ar  moment  of  inertia  for  the  section 

The  peak  stress  will,  therefore,  occur  at  the  outer  surface  of  the  material, 
at  the  maximum  distance  from  the  neutral  axis.  For  noncircular  sections 
these  assumptions  are  invalid.  More  Involved  methods  of  analysis  may  be  used 
to  show  that  In  the  case  of  noncircular  sections  the  maximum  stress  occurs 
at  the  points  on  the  outer  boundary  which  are  nearest  to  the  centroid  of  the 
section.  It  may  also  be  demonstrated  that  for  a  section  consisting  of  a 
singly  connected  area  of  given  cross  section  the  torsional  rigidity  Increases 
with  decreases  in  the  polar  moment  of  the  section.  For  a  given  amount  of 
material  a  circular  shaft  will,  therefore,  have  the  largest  torsional  rigidity. 
Noncircular  sections  which  are  thin-walled  and  open,  that  Is,  where  the  walls 
of  the  member  do  not  form  a  closed  curve,  may  be  treated  by  approximate 
methods  which  result  in  the  following  expression: 


Where: 

T  =  external  torque 
G  =  torsional  modulus  of  the  material 
d>  =  angular  displacement  over  length  L 
c  &  d  =  section  dimensions  as  illustrated  in  the  adjacent  figure. 

Ibis  expression  is  of  the  same  form  as  the  corresponding  equation  for  a 
circular  shaft.  The  similarity  is  enhanced  by  defining  an  equivalent 
polar  moment  of  inertia  for  the  section  as: 
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Die  resulting  expression  for  the  maximum  shear  stress  in  a  particular 
rectangle  is  given  by: 


Application  of  the  conditions  of  equilibrium  to  an  element  in  a  plane 
parallel  to  the  axis  of  a  member  in  torsion  shows  that  the  shear  stress 
in  an  axial  direction  is  equal  in  magnitude  to  the  tangential  stress. 

In  the  application  of  non-lsotroplc  materials,  such  as  cast  iron,  the 
lowest  value  of  the  shear  stress  should  be  used  as  the  design  criterion. 


Common  applications  of  open  section  used  in  torsion  Include  channels  and 
I  beams.  Several  typical  sections  are  analyzed  in  Appendix,  page  1.5-12. 


TORSIONAL  STRESS:  Shear  stress  may  be  calculated  in  non-circular 
members  by  use  of  an  equivalent  polar  moment  of  inertia  concept.  The 
above  figure  illustrates  the  approximate  solution  for  a  thin-walled, 
open  section. 
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GEOMETRIC  CONSIDERATIONS  IN  DETERMINATION  OF  STRESS  IZVEIfi 

The  shear  and  normal  streoses  at  a  point  In  a  structural  member  will  depend  on  the 
orientation  of  the  stressed  element  considered,  and  on  the  local  geometry  of  the  member. 


Determination  of  the  actual  maximum  values  of  the  shear  and  normal  stresses 
at  a  point  In  a  member  Involves  consideration  both  of  the  effect  of  combined 
stresses  and  of  the  stress  concentrations  caused  by  abrupt  changes  In  cross 
section. 

Combined  Stresses:  The  total  stress  at  a  point  In  a  itructural  member  may 
be  calculated  by  determining  the  stresses  induced  by  each  type  of  loading 
and  combining  the  results  In  appi opriate  form.  Normal  stresses  due  to 
axial  loading  are  determined  directly  by  the  average  force  per  unit  area  at 
the  cutting  plane.  Beam  bending  and  shear  stresses  and  stresses  due  to 
torsional  loading  have  been  discussed  in  the  preceding  paragraphs.  These 
various  types  of  stresses  may  be  simultaneously  present  at  a  section  of  a 
loaded  member.  Combination  of  similar  types  of  stresses  at  a  section  is 
based  on  the  principle  of  superposition  which  states  that  the  stresses  may  be 
added  vectorlally.  The  underlying  assumption  is  that  the  stresses  are 
linearly  related  to  the  forces  causing  them  so  that  the  stress  addition  Is 
equivalent  to  force  addition.  This  in  turn  implies  that  the  total  stress  is 
within  the  elastic  limit  of  the  material.  Vlthin  these  restrictions,  normal 
stresses  may  be  added  to  normal  stresses  and  shear  stresses  to  Bhear  stresses, 
whatever  the  source.  The  transformation  equations  for  combining  shear  and 
normal  stresses  in  a  plane  are  developed  by  considering  an  lnflnitestlmal 
element  in  equilibrium  under  the  action  of  shear  and  normal  stresses.  The 
element  remains  in  equilibrium  when  sliced  at  an  arbitrary  angle  (0).  The 
stresses  on  the  new  surface  (<7g  )  and  (Tg)  may  then  be  written  in  terms  of  the 
known  stresses  on  the  other  two  faces  from  equilibrium  conditions.  The 
resulting  values  of  equivalent  shear  and  noxmal  stresses  at  an  angle  (0) 
from  the  x  and  y  axis  are  given  by: 

°9  "  - § — 4  - i — [C0B  2  4  Tain  2  0 

Tg  m  -  ***  '2  ^  [  ®in  2  0]+  Tcos  2  0 

Die  maximvr  values  of  shear  and  normal  stresses  may  be  found  by  differ¬ 
entiating  the  above  expressions  with  respect  to  (0)  and  equating  to  zero, 
giving:  _ _ 

conmonly  referred  to  as  the  principal  stresses,  where 

V  0 

with  tan  2 9  =  - - —  ■  . 

2  (<7x  _  V 

where  B  corresponds  to  O  . 

max, min 


| 


*  ► 

*  ► 


v 
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and 


max,  min 


at  9  where 


=  ± 


v( 


°x  ‘  gy> 


+  T 


tan  2$  =  -r 


1  <«x  •  ffy> 


and  with 


°B  = 


°x  4  gy 


where  B  corresponds  to  T  . 

r  max, min 

If  (C  )  and  (O )  are  the  principa]  stresses  then 

X  j 

T  =  "l  ' 

'  max, min  2 

since  T  =  0  on  planes  which  are  associated  with  principal  normal  stresses. 


It  is  noted  that  the  tangents  of  the  angles  corresponding  to  maximum  and 
minimum  normal  stresses  (principal  stresses)  and  maximum  and  minimum 
(tangential  stresses)  are  the  negative  reciprocals  of  each  other.  Since 
these  are  double  angle  functions  the  angle  between  the  principal  stresses 
and  the  maximum  and  minimum  tangential  stresses  must  be  45°. 


Once  the  principal  stresses  and  associated  elemental  volume  are  determined 
from  Mohr's  circule,  the  construction  below  may  be  made;  the  correct 
directions  for  maximum  tangential  stress  and  the  associated  normal  stresses 
on  these  faces  are  readily  determined.  Note  is  taken  of  the  fact  that 
Tmax  points  to  the  shear  diagonal  and  that  this  shear  diagonal  always 
coincides  with  the  algebraically  greater  principal  stress.  Also,  the 
magnitude  and  sign  of  the  normal  stresses  is  given  by  the  distance  from 
the  coordinate  origin  to  the  circle  center. 
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GEOMETRIC  CONSIDERATIONS  IN  DETERMINATION  OF  STRESS  LEVELS  (Continued) 


The  equations  for  shear  and  normal  stresses  at  an  arbitrary  angle  ($) 
represent  the  parametric  equations  for  a  circle.  If  the  equations  are 
squared,  added,  and  simplified,  the  result  Is: 


This  equation  represents  a  circle  of  radius 


with  center  at 


x  = 


y  = 

The  determination  of  stresses  at  an  angle  ($)  Is  simplified  by  plotting 
this  equation.  The  plot,  generally  referred  to  as  Mohr' 3  Circle,  is 
developed  below.  Ihe  sign  convention  In  the  use  of  Mohr's  Circle  Is 
established  as  follows.  Figure  (a)  shows  the  normal  and  shear  stresses 
on  a  typical  elemental  volume  to  be  investigated.  The  stresses  In  the 
directions  shown  are  all  regarded  as  positive.  In  addition,  the  normal 
stresses  shown  represent  tensile  stresses.  Figure  (b)  represents  Mohr's 
Circle  corresponding  to  the  elemental  volume.  It  has  a  radius  and 
position  calculated  from  the  equations  above.  For  the  axes  shown,  stresses 
to  the  right  or  upward  are  positive.  Stresses  to  the  left  or  downward  are 
negative.  Note  that  since  this  particular  circle  lies  to  the  right  of  the 
origin  that  all  normal  stresses  must  be  tensile.  This  agrees  with  the 
elemental  volume  for  which  the  circle  was  drawn.  Had  compressive  stresses 
been  associated  with  the  elemental  volume  then  by  convention  the  circle 
would  appear  to  the  left  of  the  origin. 

Points  (A)  and  (B)  on  the  circle  correspond  to  faces  (A)  and  (B)  on  the 
elemental  volume.  At  these  points  stresses  are  shown  all  positive.  Had 
the  shear  stresses  or  the  elemental  volume  been  opposite  in  direction  to 
those  shown  then  faces  (A)  and  (B)  on  tne  volume  would  be  represented  by 
points  A'  and  B'  on  the  circle. 

The  right  hand  face  is  usually  taken  as  the  reference  face  although  this 
is  not  essential.  It  merely  helps  in  being  consistent.  From  point  (A)  on 
the  circle  construct  lines  to  (02)  and  (<*l)  88  shown  in  Figure  (e).  Ihe 
new  orientation  of  the  elemental  volume  is  as  shown  in  Figure  (d).  The 
principal  stresses  ( <72 )  and  (<7i)  are  associated  with  the  faces  (A)  and  (B) 
as  shown.  (<7i)  is  perpendicular  to  the  line  (X&[)  and  {o%)  is  perpendicu¬ 
lar  to  line  (ttg).  Note  that  with  respect  to  the  origin  of  the  coordinate 
system  (o^)  is  positive  and  (<72)  is  negative.  On  the  basis  of  the  con¬ 
vention  established  in  Figure  (a)  these  are  introduced  accordingly  in 
Figure  (d). 
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Note  must  be  taken  of  the  face  that  In  the  figures  as  drawn  below,  the 
stress  or.  face  (A)  is  larger  than  that  on  (B).  This  of  course  is  not 
always  the  case.  The  construction  is  however  always  drawn  from  point  (A) 
on  the  circle  whether  it  is  largest  or  smallest,  positive  or  negative. 

An  example  in  the  Appendix  on  page  1.5-14  shows  a  more  general  case  for 
clarity. 


r 


Stress  Concentration:  The  shear  and  normal  stresses  defined  by  the 
average  force  per  unit  area  at  a  section  are  approximately  correct  for 
uniform  material  sections  remote  from  the  point  of  force  application. 
Determination  of  the  actual  stress  distribution  within  a  geometrically 
complex  member  by  analytical  methods  is  extremely  difficult.  The  generally 
accepted  alternative  is  to  use  the  average  value  of  the  stress  and  correct 
with  a  stress  concentration  factor  (K)  which  has  been  experimentally  deter¬ 
mined.  In  cases  that  involve  static  loading  of  ductile  materials,  local 
yielding  will  tend  to  equalize  stresses  and  reduced  stress  concentration 
factors  may  be  used.  The  stress  concentration  effect  in  a  dynamic  situa¬ 
tion,  however,  is  more  pronounced  and  mere  complex.  A  detailed  treatise 
on  this  dynamic  stress  amplification  problem  is  presented  in  Volume  III, 
Chapter  7,  "Stress  Concentration." 
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THE  DEFLECTION  OF  STRUCTURAL  MEMBERS  DUE  TO  LOAD 


The  deflection  of  a  structural  member  is  a  function  of  the  type  of  loading  and  may  be 
calculated  from  the  known  loading  conditions. 


Determination  of  the  compression  or  extension  of  a  member  under  the  effect  of 
an  axially  applied  load  follows  directly  from  the  stress -Btrain  relationship. 
Deflection  due  to  other  types  of  loading  is  discussed  in  the  following  para¬ 
graphs. 

Deflection  of  Beams:  When  a  beam  deflects  laterally  under  load  the  fibers  on 
one  side  of  the  beam  will  be  compressed  and  those  on  the  opposite  side 
stretched.  Between  these  two  extremes,  there  will  be  a  plane  of  no  deforma¬ 
tion  in  length.  The  stress  relations  developed  in  previous  paragraphs  indi¬ 
cated  that  the  neutral  axis  of  a  beam  section  was  the  point  of  zero  stress 
in  bending;  consequently,  it  will  be  the  undefo.med  axis  or  elastic  curve  of 
the  beam.  The  strain  of  any  other  fiber  will  be  proportional  to  the  local 
stress:  «  =  o/ E.  The  strain  of  a  fiber  located  a  distance  (y)  from  the  neu¬ 
tral  axis  of  the  beam  may  also  be  written  as:  «  =  y/p  based  on  the  fact 
that  the  increase  in  length  over  a  section  of  beam  which  bends  through  an 
angle  dd  will  be  (yd0)  and  the  length  on  the  neutral  axis  will  be  given  by 
(  pit)  where  p  is  the  radius  of  curvature  of  the  beam.  Equating  those  ex¬ 
pressions  for  the  strain  gives:  o  =  Ey/  P,  the  stress  at  a  distance  (y) 
from  the  neutral  axis  due  to  bending.  From  the  flexure  formula  previously 
derived,  this  stress  is  equal  to  My/l>  where  M  is  the  moment  causing  the  beam 
deflection.  The  relation  between  moment  and  curvature  is,  therefore,  given 
toy,  llp~-  M/EI.  Fran  analytic  geometry  the  radius  of  curvature  may  be  written 
in  terms  of  the  local  derivatives  of  the  elastic  curve  as: 


which  for  small  values  of  dy/dx  may  be  approximated  by 


1 

p 

Substituting  for  moment  in  terms  of  curvature  gives: 
d*y 

m  =  eh  — 4 

dx 

But  it  has  been  shown  that  dM/dx  =  V  and  dV/dx  =  W,  so  the  differential 
equations  relating  deflection,  slope,  moment,  shear  and  loading  on  the 
elastic  curve  may  be  summarized: 

del'  Lection 

9  =  slope  of  elastic  curve 
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Where  in  general  (El)  may  be  a  function  of  (x). 

Boundary  conditions  for  the  equations  will  be  dependent  on  the  type  of 
support.  For  roller  or  pin  supports  the  deflection  will  be  zero.  For  a 
fixed  support  both  deflection  and  rotation  (slope)  at  the  support  will  be  0. 

In  complicated  problems  the  beam  may  have  to  be  considered  by  sections. 

An  additional  boundary  condition  between  sections  is  then  provided  by  the 
requirement  of  continuity  of  the  elastic  curve. 


Shown  in  the  Appendix  on  page  1.5-6  are  deflections  for  common  beam  loading 
conditions.  If  a  given  problem  is  statically  determinate  the  support 
reactions  may  be  determined  from  a  free  body  diagram  of  the  beam  and  elastic 
curve  equation  solved  separately.  If  the  problem  involves  a  statically  inde¬ 
terminate  system  the  deflection  equations  must  be  written  in  general  form 
and  solved  simultaneously  with  the  equations  of  static  equilibrium. 

If  a  beam  is  loaded  in  more  than  one  plane  the  deflections  In  a  particular 
plane  may  be  determined  in  terms  of  the  loads  in  that  plane  and  the  re¬ 
sults  superimposed  far  the  total  deflection.  This  is  possible,  of  course, 
only  within  the  elastic  limit  of  the  material. 

Deformation  of  Circular  Members  in  Torsional  Loading:  Fran  the  definition 
of  the  Modulus  of  Rigidity  (G)  the  angular  deformation  of  a  torque  loaded 
element  is  given  by  Y  «  T/G.  Consequently  the  angle  of  twist  of  a 
torque  loaded  member  over  a  length  AB  will  be: 


or  for  a  shaft  with  uniform  loading  and  constant  geometric  properties: 


* 


TL 

JG 


For  open,  thin  wall  non-circular  sections  the  same  expression  may  be  used 
with  the  equivalent  polar  moment  of  inertia. 
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Svetlan  A  -  Design  Considerations 


QBBIOS  CRITERIA  ABD  THE  THEORY  OP  EIASTIC  PAILURE8 

In  the  design  of  land  carrying  structures  the  requirements  for  s  member  may  be  deter- 
mined  by  strength  criteria,  by  the  allowable  deflections,  or  by  conditions  of 
stability. _ 


In  using  the  design  criteria  based  upon  limiting  strength,  the  maxi  sum  com¬ 
bined  stress,  either  normal  or  shear,  is  determined  as  a  function  of  the 
sise  of  the  member  selected  for  the  limiting  values  of  allowable  stresses. 

In  designing  for  deflection  the  limiting  condition  Is  the  displacement  of 
the  structure  from  its  unloaded  condition,  where  the  displacement  is  propor¬ 
tional  to  stress  but  the  stresses  involved  are  within  the  elastic  limit  of 
the  material  and  failure  due  to  over-stressing  is  not  a  concern.  The  third 
possible  design  criteria  Is  the  stability  of  the  structure.  This  may  be 
considered  as  a  special  case  of  designing  for  limited  deflection;  however, 

In  stability  failures  the  deflections  past  some  point  are  not  proportional 
to  the  stress  In  its  members  and  may  Increase  catastrophically  under  constant 
loading  with  stresses  well  below  the  yield  point  of  the  materials.  This 
type  of  failure  is  referred  to  as  an  elastic  failure,  resulting  from  an 
elastic  ins. iblllty  of  the  structural  geometry. 

Samples  of  designs  which  are  generally  limited  by  elastic  failure  con¬ 
siderations  are  thin  shells  loaded  externally,  such  as  submarine  hulls,  and 
compression  members  having  large  ratios  of  length  to  cross  section,  coat  only 
referred  to  as  columns.  As  externally  loaded  shells  are  not  usually  found 
in  electronic  equipment  this  discussion  of  elastic  failures  will  be  limited 
to  columns.  Vben  a  column  (with  a  marginal  "slenderness  ratio")  is  loaded 
compressive ly  with  increasing  loads,  slight  Increases  in  compression  may 
be  measured.  However,  no  large  deflections  will  be  Observed  until  some 
limiting  load  value,  the  critical  force  (Pcr),  Is  reached.  For  load  values 
equal  to  or  greater  than  pcr  any  lateral  force  on  the  column  will  result  in 
buckling.  The  fact  that  no  gradually  increasing  deflection  warns  of  the 
impending  failure  aakea  instability  failures  dramatic.  Such  elastic  fail¬ 
ures  are  the  most  common  type  of  structural  failure  under  static  loading, 
due  to  the  design  of  members  for  strength  criteria  without  stability  con¬ 
siderations  . 


The  critical  force  for  a  column  may  be  determined  from  the  equations  of  the 
elastic  curve  by  considering  a  column  deformed  so  that  the  axially  applied 
compressive  load  is  displaced  a  distance  (y)  from  the  neutral  axis  of  the 
column  at  same  point.  The  moment  in  the  column  st  that  point  will  then  be 
proportional  to  (y)  and  the  elastic  curve  may  be  written  in  differential 
form  as: 


♦  k  y  •  0, 


where  k  is  defined  as: 


The  general  solution  to  this  equation  is  of  the  form  y  •  A  sin  kx  ♦  B  cos  kx 
where  A  and  B  are  boundary  condition  constants.  Application  of  the  boundary 
conditions  for  a  pin  ended  beam  gives:  y  •  0  •  A  sin  kl,  where  the  solution 
given  by  A  =  0  corresponds  to  the  case  where  no  buckling  exists.  For  any 
other  solution  kL  -  n*.  Taking  n  ■  1  as  the  minimus  values  gives: 


cr 


w2  n 

~7~ 
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Similar  analysis  for  other  end  conditions  gives  the  following  formulas: 
One  end  fixed,  one  free: 


cr 


El 


4l 


One  end  fixed,  one  pinned: 

„  2.05^  El 


cr 


T 


Both  ends  fixed: 


cr 


hn  El 


A  general  expression  for  the  critical  load  may  be  written  as: 


cr 


C  »r2  El 

T2 — 


Where  (c)  is  a  coefficient  which  depends  on  the  column  end  conditions. 
Alternately,  an  effective  length  may  be  defined  as: 


p  L  =  L 

in  terms  of  the  above  equation.  The  critical  load  formula  is  then: 


P  =  »2  BI 


Values  of  the  end  coefficient  and  the  reciprocal  of  its  square  root  are 
summarized  in  the  Appendix  on  page  1.5-5. 


In  applying  the  formulas  listed  to  a  non-symmetrical  member,  the  minimum 
value  of  the  moment  of  inertia  is  to  be  used.  In  applications  where  the 
end  conditions  for  the  column  do  not  correspond  cvtctly  to  any  of  the 
given  conditions,  pin-ended  conditions  are  frequently  assumed.  A  note¬ 
worthy  feature  of  the  critical  force  formulas  1h  the  fact  that  the  only 
material  property  to  appear  is  the  modulus  of  elasticity.  Hie  critical 
force  formulas  may  be  converted  to  critical  stress  form  by  substituting 
I  =  Ar2,  where  A  is  the  cross  sectional  area  of  the  column  and  r  is  the 
minimum  radius  of  gyration.  For  the  pin  ended  case  this  results  in: 


_  cr  n E 

cr  A  (L/r)2 

The  quantity  (L/r)  is  defined  as  the  slenderness  ratio  of  the  column.  The 
Appendix,  page  1.5-4  gives  plots  of  <rcr  as  a  function  of  slenderness  ratio 
of  some  ty"Di''*»l  engineering  materials. 
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UTERAL  BUCKLING  OF  BEAJ€ 


Beams  may  exhibit  elastic  failure  In  a  plane  other  than  the  principal  loading  plane  If 
the  difference  in  moment  of  inertia  between  the  two  planes  is  large,  or  If  the  beam  is 
unusually  long  and  slender. _ 


lateral  Buckling  of  Beama:  Beams  which  have  a  large  ratio  of  vertical  to 
lateral  moment  of  inertia  may  exhibit  elastic  failure  under  load.  The 
failure  consists  of  buckling  in  the  lateral  plane  due  to  loads  in  the  ver¬ 
tical  plane.  If  compressive  loads  are  present,  as  in  beam  columns,  the  prob¬ 
lem  is  intensified.  For  the  case  of  loading  in  the  vertical  plane  only, 
the  following  expression  for  the  critical  buckling  stress  has  been  derived: 


Where: 

Scr  «  critical  buckling  stress,  p6l 
E  ■  modulus  of  elasticity,  pel 
L  *  length  of  span,  laterally  unsupported,  in. 
d  *  depth  of  beam,  in. 

Ix  *  moment  of  inertia  about  neutral  axis  for  bending  in  plane 
of  web,  in.^ 

Iy  *  moment  of  Inertia  about  neutral  a..  ”•'«  in  the 

lateral  direction,  in.^ 

K  ■  torsional  constant,  in. 

ft  «  Poisson's  ratio. 


If 

be 


Ix  Is  much  larger  than  Iy, 
reduced  to:  /  g 


l  to:  /  , 

Scr  “  (  10,'e|f  10 
\  bt 


as  in  many  standard  I  beams. 


the  formula  may 


(2) 


In  which  (b)  is  the  total  width  of  the  compression  flange,  (t)  its  thickness, 
and  (FS)  is  the  desired  factor  of  safety. 


In  the  opposite  case,  where  Iy  is  much  larger  than  Ix,  the  formula  i  educes 
to: 


447.2  x  106 

(L  /  r/ 


(3) 


The  theory  of  elastic  failure  criteria  beam-columns  is  considered  beyoni 
the  scope  of  this  discussion.  Ihe  reader  is  referred  to  the  bibliography 
for  more  information  on  the  subject.  However,  a  summary  of  parameters  for 
some  common  beam- column  situations  is  given  in  the  Appendix,  page  1.5-  . 


1.4-2 


CRITICAL  STRESS  FOR  LATERAL  BUCKLING  OF  BEAJ-B 


(Equation*  2  and  3) 


LIMITING  VALUES  of  Ld/bt  AND  L/r  AT  REFERENCE  POINT  A.  (8) 


sy 

(ksl) 

Ld 

bt  Ratio 

L 

7~  Ratio 

y 

33 

571 

116 

U5 

418 

100 

50 

377 

95 

55 

342 

90 

BEAM  BUCKLING:  lateral  buckling  In  beams  due  to  a  torsional  Instability 
Is  a  frequent  and  unexpected  failure  mode. 
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THE  RESPONSE  OF  SINGLE -DEGREE -OF -FREEDOM,  UNDAMPED,  SYSTEMS 


Prediction  of  the  response  of  a  structure  to  dynamic  force  inputs  may  be  estirated 


on  the  basis  of  relatively  simple  ana] 


This  review  of  dynamic  systems  is  limited  to  those  topics  which  it  is  felt 
will  be  of  concern  to  the  designer  of  electronic  equipment.  The  cases  con¬ 
sidered  consist  of  the  application  of  Newton's  laws  of  motion  to  systems 
Involving  the  response  of  macs  particles  to  applied  forces.  Newton's  second 
law  may  be  written  as: 


F  «  raa 


dt 


Successive  integrations  give  the  expressions  for  velocity  and  displacement: 


where  force  is  assumed  to  be  a  function  of  time  only. 


The  response  of  a  mass  particle  in  the  case  where  the  force  is  proportional 
to  displacement  from  some  equilibrium  position  (F  =  -kx)  is  of  basic  interest 
in  the  design  of  any  dynamically  loaded  structure  as  an  approximation  to  the 
deflection  of  a  compact  mass  under  the  influence  of  some  disturbing  force. 

In  this  case,  the  second  law  of  motion  may  be  written  as: 


k 

m 


x  =  0 


The  general  solution  to  this  equation  is  given  by: 


x 


C^cos 


t 


+  C2  8in 


where: 

and  Cj  are  constants  of  integration 

With  initial  conditions  taken  as  x  =  xgand  V  =  Vq,  the  values  of  the  con 
stants  will  be: 


or  for  a  system  initially  at  rest: 

jr . 

X  =  cos  w-  t 

0  » m 


1  .^-4 


< 
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Theee  equations  describe  what  is  called  simple  harmonic  motion.  The  particle 
oscillates  through  an  amplitude  of  xo  at  a  frequency  of  ^k/m,  defined  as  the 
natural  frequency  of  the  system.  In  the  case  where  the  same  system  is 
excited  by  a  continuously  varying  external  force  rather  than  being  dis¬ 
placed  and  released,  the  equation  of  motion  will  be: 

d2 

m  — *—  =  -kx  +  F  sin  u>t 

dt  u 

where  the  external  force  is  assumed  to  \ary  sinusoidally.  Bie  displacement 
solution  in  this  case  is  given  by: 

^  c/m 

x  =  C.  sin a/k  t  +  C_  004%*  t  +  z - r  sinwt 

1  d  i  in  Ji  -  Ci; 

m 


Variation  of  the  ratio  of  driving  frequency  to  the  natural  frequency  of 
the  system  changes  the  amplitude  of  the  system  response,  as  shown  In  the 
figure  below.  A  plot  of  the  variation  of  the  coefficient  of  the  last 
term  in  the  above  expression  with  the  frequency  ratio  at  the  point  where 
the  driving  frequency  equals  the  natural  frequency  of  the  system  shows 
that  the  amplitude  of  the  displacement  goes  to  infinity.  This  condition 
is  known  as  resonance. 


F(/k 


-ft) 


VISCOUS  DAMPING:  The  time  rate  of  decay  of  a  vibrating  system  is  a 
measure  of  the  degree  of  damping  present  in  the  system. 
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THE  RESPONSE  OF  SINGLE  -DEGREE  -OF  -FREEDOM  SYSTEMS  WITH  VISCOUS  DAMPING 

lhe  Inclusion  of  a  damping  tens  In  the  equations  of  siotion  provides  more  realistic 
modeling  of  an  actual  system;  the  frictionless  model  was  discussed  in  the  previous 

topic. _ 


A  more  realistic  representation  of  a  physical  system  is  provided  by  the 
inclusion  of  damping  force  In  the  system  equations.  The  most  generally 
asstaned  type  of  damping  is  viscous  damping.  This  represents  the  case 
vhere  a  force  proportional  to  the  mass  velocity  resists  the  system  dis¬ 
placement  (f  ■  -c  dx/dt).  The  equation  for  system  motion  will  be: 


.2 

d  x  +  c  dx  + 

dt2  “  dt 


m 


sin  wt 


The  displacement  solution  consists  of  a  transient  complementary  solution 
which  approaches  zero  as  time  increased  and  a  particular  solution  consisting 
of  harmonic  motion  at  the  driving  frequency  with  amplitude  less  than  the 
case  vhere  no  damping  Is  present.  The  system  amplitude  will  remain  finite 
when  <i)m  to  ,  The  steady  state  displacement  is  given  by: 


x 


P 


HP  ? 

——  (to  -  to)  sinCJt 


♦ 


FQWc/m2 

-  * 


COB  tOt 


The  complementary  solution  Is  the  system  response  for  the  case  vhere  no 
driving  i'orce  is  present.  The  displacement  expression  _ 

-(*)*•[  v®  ; 

x  ■  e  C,  e  ♦  C9  e 

c  l  1  2 

A  plot  of  this  atlon  as  a  function  of  time  ( see  figure)  shows  that  for 
values  of  C<2  ykm,  the  motion  will  consist  of  exponentially  decreasing 
amplitude  without  oscillation.  For  02  ykm  the  system  will  oscillate 
with  exponentially  decreasing  amplitude  at  a  frequency  less  than  the  free 
undamped  natural  frequency.  The  value  of  C  -  2  is  referred  to  as  the 
critical  damping  constant. 


The  analysis  of  systems  consisting  of  more  than  a  single  degree  of  free¬ 
dom  Is  conducted  In  a  similar  fashion  but  will  Involve  the  simultaneous 
solution  of  as  many  equations  as  the  number  of  degree  of  freedom. 


Several  examples  on  damping  in  simple  systems  are  given  in  the  Appendix 
starting  on  page  1.5-16. 
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DAMPED  VIBRATING  SYSTEM 
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GEJfERAL  METHOD  OF  SOLUTION  FOR  EQUILIBRIUM  PROBLEMS 


•  LI  at  known  data  and  results  to  be  determined. 

•  Construct  a  free  body  diagram  of  the  members  on  which  the  unknown 
forces  to  be  determined  are  acting,  replacing  interacting  members 
with  equivalent  force  systems. 

e  Determine  the  number  of  Independent  equilibrium  equations  available 
for  the  system,  compare  with  the  number  of  unknowns  on  the  free  body 
diagram. 

e  If  there  are  as  many  Independent  equations  available  as  the  number 
of  unknowns,  solve  the  equations  for  the  unknowns. 

e  If  there  are  more  unknowns  than  equations  for  the  free  body  diagram, 
subdivide  the  free  body  diagram  and  repeat  the  procedure. 

e  If  free  body  diagrams  have  been  constructed  for  each  body  in  the 
problem  and  there  are  still  more  unknowns  than  equations,  the 
problem  is  statically  indeterminate  and  deflections  must  be  con¬ 
sidered  in  the  solution. 


1.5-1 


VARIATION  OF  THE  CRITICAL  COLUMN  STRESS  WITH  THE  SLENDERNESS 
RATIO  FOR  THREE  DIFFERENT  MATERIAL. 


V  jLJHE  zzi 


COLUMN  END  FIXITY  COEFFICIENTS  FOR  VARIOUS  CONDITIONS 


Column  Shape  and  End  Conditions 


End  Fixity 
Coefficient 


Tp 


Uniform 

loaded, 


Uniform 

loaded, 


column,  axially 
pinned  ends. 


1 


column,  axially 
fixed  ends. 


c 


1 

TT 


1 

l 

k 


0.5 


tP 


Uniform  column,  axially 
loaded,  one  end  fixed, 
one  end  pinned. 


Uniform  column,  axially 
loaded,  one  end  fixed, 
one  end  free. 


c 


2.05 


0.70 


c 


0.25 


1 


2 


frT 

Lm* 

U 


P 


Uniform  column,  distri¬ 
buted  axial  load,  one 
end  fixed,  one  end  free. 


Uniform  column,  distri¬ 
buted  axial  load,  pinned 
ends. 


c 


0.794 


1.12 


c  -  1.87 

^  ■  0.732 


»  L 

U-A 

Uniform  column,  distri¬ 
buted  axial  load,  fixed 
ends. 


*  +  ~T 

tr 

+  L 

Uniform  column,  distri¬ 
buted  axial  load,  one  end 
fixed,  one  end  pinned. 


c 


7.5 


0.365 


c  -  3.55 

(approx) 

^5"  ’  °*530 


1.5-5 


VOLUME  III  -  CHAPTER  1 
Section  5  -  Appendix 

SUMMARY  OF  BEAV  COLUMNS 
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BEAM  COI,UT-'JJ  COHmCIHn.; 


For  o,  p,  f,  v,  use  coefficient  for  L/2J  instead  of  L/J. 
For  V,  ■  ,  use  coefficient  for  2L/j  Instead  of  L/j. 
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1HE  CALCUUTION  OF  HORIZONTAL  SHEAR  STRESS  IN  BEAMS 


Compute  the  rivet  spacing  for  the  si r ply  supported  composite  beam  shown 
below  if  the  allowable  shear  force  on  the  rivets  is  4,500  pounds.  (A  r 
structural  steel  rivet  has  an  allowable  shear  stress  of  lb, 000  lb/in. ‘  ) 
Consider  two  loading  cases.  Case  I,  a  concentrated  load  of  100,000  lb 
applied  at  center  of  span.  Case  II,  A  uniformly  distributed  total  load 
of  100,000  pounds  between  supports.  Span  between  supports  is  12  feet. 
Neglect  the  weight  of  the  beam. 


Solution,  Case  I: 

I  (channel) 
x 

Ix  (cover  plate) 

Ix  (total  section) 


H  £ 

375  in.  ,  a  -  13.2  in.  -  from  handbook  data 
12  x  |  x  7.75^  =  360  in.4 

2  (375  +  360)  =  1470  in.U 


The  shear  diagram  for  concentrated  load  is  shown  below.  Note  that  the 
vertical  shear  equals  50,000  pounds  magnitude  throughout  the  entire  span 
except  at  the  transition  point  where  it  crosses  through  zero. 


The  shear  flow  is  given  by- 


pounds  per  inch  span,  where  the  quantity  (y  Ap)  represents  the  centroid 
of  the  area  above  the  plane  of  interest  for  horizontal  shear.  In  this 
case  the  range  of  interest  is  the  boundary  between  the  cover  plate  and 
the  channel  flanges  since  the  shear  force  on  the  rivets  is  desired.  The 
section  along  the  beam  does  not  vary  and  since  the  vertical  shear  (V)  is 
also  constant  the  shear  flow  is  constant.  This  implies  a  fixed  rivet 
spacing  throughout  the  entire  length  of  span. 


I 
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The  rivet  opririg  at  any  point  along  the  bear  lo  given  by  allowable  shear 
force/shear  flow  which  equals  4500/q  for  this  beam  system. 

Using 


V  =  50, OOC  lb 

I  1470  in.4 

yAp  7.7b  x  (6  x  1/2)  =  23.25  in.3 

yields  q  =  7y0  lb/ln.  which  results  In  a  rivet  spacing  of  4500/50,000  x 
23.25/1470  *  b.7  In.  (maximum).  Twenty-eight  rivets  spaced  at  5.25  In. 
intervals  is  a  satisfactory  arrangement. 

Solution,  Case  II: 

The  method  of  solution  here  is  basically  the  same  as  that  for  the  previous 
case  but  the  distributed  load  introduces  a  varying  shear  flow  which 
results  in  a  varying  rivet  spacing. 

The  shear  diagram  for  the  distributed  load  is  shown  below.  Note  that  the 
■’rtlcal  shear  varies  along  the  beam  length. 


V  =  50,000 


V  =  50,000  lb 


The  shear  flow  is  given  by 


x 


but  now  (v)  is  a  variable  and  hence  the  shear  flow  is  variable. 

Starting  from  some  arbitrary  station  along  the  bear,  span  at  which  a  rivet 
is  placed,  the  spacing  to  the  next  rivet  must  be  such  that 

1 

q  d£  =  4500  lb 


Taking  the  center  of  the  span  as  station  (0)  the  first  rivet  is  placed 
at  station  1,  the  second  at  station  2,  etc.,  until  the  entire  span  is 
nearly  covered.  The  last  rivet  must  not  be  placed  closer  to  the  end  of 
the  beam  than  2-1/2  times  rivet  diameter  from  rivet  center.  This  is  to 
prevent  tearing  or  crushing  of  the  channel  or  plate  in  the  margin. 
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TH»  CALCULATION  OF  HORIZONTAL  SHIAH  8TRB8  IN  BIAMS  (Continued) 


Zf  the  first  attempt  results  in  s  last  rivet  ouch  further  away  than 
2-1/2  diameter,  then  the  spacing  must  be  decreased  to  allow  an  extra 
rivet.  Minimum  total  rivets  in  a  half  span  equal 


50  000 

where  from  ‘Jie  shear  diagram  V  ■  — ^ — /.  This  gives  total  rivets  -  6.32 

which  is  Just  half  of  the  minimum  rivets  per  half  span  of  Case  I.  This 
latter  value  was  72  /5.7  -  12.6'*.  Six  rivets  is  the  nearest  integral  and 
this  will  be  the  basis  for  a  trial  calculation. 

The  general  form  for  spacing  is  given  by  performing 


U500  lb 


(n  la  the  rivet  "station" 
from  mid-span) 


This  results  in: 


n+1 

l1'  *  819  in.2 

n 


A  tabulation  of  (/)  starting  with  n=0  at  mid- span  results  in  the  following 
spacing.  Distances  (/)  are  measured  In  inches  from  mid-span. 

28.6,  40.5,  49.7,  57.3,  64.1,  70.1 


Theoretically  the  beam  section  past  70.1  In.  no  longer  acts  as  an  Integral 
composite  beam  but  as  the  sum  of  the  channels  plus  plates  since  there  is 
no  rivet  past  70.1  in.  to  take  up  horizontal  shear  between  plate  and 
channels  acting  as  an  Integral  section. 
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HIE  CALCULATION  OF  THE  SHEAR  COTTER  FOR  A  CHANNEL 


Illustrative  Problem:  Find  the  approximate  location  of  the  shear  center 
for  the  channel  shown  below: 


Solution:  The  previously  derived  result  for  the  distance  (e)  to  the  shear 
center  was 

2  2 
b  h  t 

e  *  ~n — 

Where  I  represents  the  section  inertia  about  the  axis  x-x.  Frequently, 
the  flange  thickness  is  snail  with  respect  to  the  distance  (h)  and  an 
approximate  form  may  be  used  for  (I).  This  form  neglects  the  contribu¬ 
tion  of  the  flanges  about  their  own  axes. 

Thus, 

1  *  w<*d2W«  ■  1 ir*2«(!)‘ 

substitution  into  the  formula  for  (e)  results  in 


which  results  in  e  =  1.87". 
(b/2)  and  for  (h)  very  large 


b 


Note  that  for  (b)  very  large  (e)  approaches 
(e)  approaches  (0). 


u.-j 
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SB  (Angle) 


12,000  x  £ 

“055 - 


9,820  psl 


So  (I  Beam) 
s 


12,000  x  £ 

“on — 


=  11,100  psl 


Note  that  each  section  has  almost  the  same  area  (about  6  in.  ). 

Problem:  Canpare  the  maximum  shearing  stress  of  a  circular  section  whose 
area  equals  6  In.2  with  the  stress  of  the  sections  in  the  previous  problem. 


Solution: 


S.  «  ^ 


TC 

J 


where  C  Is  the  radius  of  the  cylinder  and  J  is  It's  polar  moment  of  inertia 


C  = 


;r  =  1.38  Inches 

7 r 


J  = 


1  4 

*  ?nT 


1  36 

?xffx 


18  .  i 

~r =  “ in* 


Therefore: 


12^000  x_l. 38  xff  =  2j8go  pgi 
lo 


The  above  is  a  demonstration  of  the  practicality  of  using  condensed 
sections  where  torsion  Is  concerned. 
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AM  APPLICATION  USZJC  HGBR'S  CIRCLE 


Illustrative  Problem:  Olven  the  state  of  stress  ahovn  In  Figure  (a), 
trenefom  it  into  the  prlnclpel  stresses,  aid  into  the  principal  shearing 
stresees  and  the  associated  normal  stresses.  Show  the  results  for  both 
caeee  on  properly  oriented  elements. 


Solution:  The  co-ordinate  axes  are  set  up  In  Figure  (b).  The  center  C 
of  the  circle  is  at  l/2(-2,000  ♦  4,000)  =  +1,000  ksi  on  the  <7-axls. 

Fran  the  right-hand  face  of  the  element,  the  required  values  for  plotting  the 
the  point  A  on  the  circle  are 


m  -2,000  pel 
T  .  -It,  000  psl 


Thus  the  dist  aces  CD  and  DA  are  3,000  psl  and  4,000  psl,  respectively, 
and  the  radius  of  the  circle  Is  equal  to 


CA  *  VCD2  +  M2  =  5, 00C  psl 


Hence  from  the  diagram,  T max  =  5,000  psl,  and  the  associated  normal  stress 
is  represented  by  the  distance  OC,  i.e..  O'  -  1,000  psl.  The  principal 
stresses  are  given  by  the  intercepts  E  and  B;  they  are  respectively 
+6,000  psl  and  -4,000  psl. 

The  angle 


DBA 


tan 


-1 


AD 

51 


tan 


-1 


4,000 

57555 


26°34' 


-  4 
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An  element  with  its  aide*  parallel  to  the  llnea  AB  and  AE  Is  shown  In 
Figure  (c).  Since  the  faces  of  this  element  intersect  at  right  angles, 
several  other  angles  (not  shown)  may  be  used  to  specify  its  orientation. 
The  principal  stress  given  by  the  E  Intercept  acts  normal  to  the  line  EA. 
The  principal  stress  given  by  the  B  Intercept  acts  normal  to  the  line  BA. 

An  element  oriented  with  Its  planes  parallel  to  the  muximum  shearing 
stresses  Is  shown  In  Figure  (d).  The  maximum  shearing  stresses  act  toward 
the  positive  shear  diagonal,  which  coincides  with  the  direction  of  the 
algebraically  larger  principal  stress.  The  associated  normal  stresses  are 
also  shown  on  the  diagram.  All  of  these  are  the  same,  c.  nd  all  of  them  are 
tensile  in  character. 
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THE  calculation  of  the  response  of  damped  systims 


Illustrative  Problem:  Ihe  system  shown  below  is  initially  at  rest  at 
t  =  0".  At  t  -  0  a  velocity  cf  in. /sec  is  given  to  the  mass.  Find  the 
subsequent  displacement  and  velocity  of  the  mass.  The  damping  coefficient 
is  0.85  ib-sec/in.  The  spring  constant  is  25  lb/in.  and  the  weight  is 
UO  lb. 


Solution:  The  differential  equation  of  motion  for  this  system  is 


-  2-4  ♦  C~  *  2kx 
*  dt"  dt 


The  solution  of  which  is 


x  =  e*  ^<4,nt  (A  cos  cj  ^t  +  B  sin  CJ^t) 


D  e"  sin  (  W.t  +0) 

Q 


Where 


W. 


(Natural  Frequency) 


t  - 


2m  U 


(Damping  Factor) 


lt/d  =  ^  wn  (System  Frequency) 

D  =  Va2  +  Bc' 

0  =  tan'1  | 

introducing  the  given  quantities  and  solving  yields, 

(J  =  22  rad/ sec 

n 


f  =  0.181 

< J '  =  21.6  rad/sec 

d 
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Substituting  these  values  into  the  displacement  equation  gives 

x  e  "  (A  cos  C1.6t  +  B  sin  cl. 6t) 
differentiating  results  in 


Displacement  and  velocity  may  subsequently  be  calculated  for  any  particular 
time  (t)  by  evaluating  the  above  equations  for  x  and  v. 
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THE  CALCULATION  OF  THE  RESPONSE  OF  DAMPED  SYST34S  (Continued) 


Illustrative  Problem:  For  the  above  problem  calculate  the  transient  and 
steady  state  response  if  an  excitation  force  F  =  10  sin  15t  is  applied 
to  the  mass.  Hie  initial  conditions  for  the  previous  problem  again 
apply. 

Solution:  The  transient  response  is  the  complimentary  solution  of  the 
differential  equation  of  motion  already  solved  in  the  previous  example. 
It  is, 


x  =  D  e  (Sin  21. 6t  ♦  0) 

c 

where 

- 1  A 

*  =  B 

Initial  values  will  be  introduced  later  to  solve  (A)  and  (B). 

Hie  steady  state  response  is  the  particular  solution  of  the  differential 
equation  of  motion,  which  from  the  theory  of  differential  equations  takes 
the  form 


Xp  =  (A  sincjt  ♦  B  coswt) 

■Baking  the  first  and  second  order  derivatives  of  this  equation,  and  sub¬ 
stituting  into  the  original  differential  equation  of  motion  yields 

+  C  ♦  2kx  =  F(t)  =  10  sinwt,  yields, 

g  dt  dt 

at  ter  algebraic  manipulation 


A  = 


B  = 


F  (k-m U)  ) 


(k-m<J)  +  (cW)‘ 

-F  c 

- - T 

(k-m  (J)  +  (c<j)c 


Substitution  gives, 


C 

T 


(k-mw1-)  +  (cwf 


/  2 . 

(k-mU  )  sinUJt  -  c(j cosalt 


letting 


tan 


-1  c  CJ 


k-m  U) 


2  j 
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Finally  gives 


0  .  . 

Xp  -  -  sin  ((Jt-i/t ) 

( k-rr. CJ  )  ■*  (cw)1. 

Substitution  of  the  given  values  arrives  at 

x  =  0.337  sin  (15t  -  28  ) 

P 

Note  that  there  is  no  introduction  of  initial  value  conditions  for  the 
steady  state  solution. 

The  total  solution  is  the  sun  of  the  complimentary  and  particular  solutions 

X  =  X  +  X 

c  p 


=  D  e‘3,98t  sin  (21.6t  ♦  <t>)  ♦  0.337  sin  (15t  -28  ) 


In  order  to  determine  (D)  and  (0)  the  initial  values  must  be  introduced. 
Solving  for 


and 


Results  in 


x  =  0 


dx 

dt 


t  =  0 

k 


x  = 


0.176  e 


-3. 98t 


sin  (21. 6t  +  65  )  +  0.337  sin  (I5t  -28c ) 


Vhtch  is  the  total  resoonse  as  a  function  of  time.  The  first  term  on  the 
right  is  the  transient  response;  the  second  term  is  the  steady  state 
response. 


1.5-19 


VOLUME  III  -  CHAPTER  1 
Section  5  -  Appendix 


THE  CALCULATION  OF  THE  RESPONSE  OF  DAMPED  SYSTEMS  (Continued) 


Illustrative  Problem:  A  25  pound  weight  is  suspended  from  a  spring  with  a 
constant  of  10  lb/ln.  The  dashpot  in  the  system  has  a  resistance  of  0.1  lb 
at  a  velocity  of  2  in. /sec  and  remains  fairly  constant  in  value.  Find  the 
damped  frequency  of  the  system,  the  critical  damping  constant,  the  ratio  of 
successive  amplitudes,  the  amplitude  10  cycles  later  if  the  initial  dis¬ 
placement  before  being  released  is  3/4  inch. 

Solution:  The  equation  expressing  the  vibration  is 

y  =  ye  ^n1  sin  ^^1  -  f2'  ui^t 
(This  is  the  form  for  under-damping. ) 

The  oscillation  curve  is  tangent  to  the  exponential  envelope  whose  form 
is 


However,  the  tangents  are  not  horizontal,  and  the  points  of  tangency 
appear  slightly  to  the  right  of  the  point  of  maximum  amplitude.  The 
assumption  will  be  now  made  that  the  amplitude  at  the  point  of  tangency 
equals  the  maximum  amplitude  of  the  oscillation,  for  the  particular 
point  in  consideration.  The  logarithmic  decrement  is  defined  as  the 
natural  logarithm  of  the  ratio  of  any  two  successive  amplitudes  It  is 
equal  to 


&  =  In  —  =  In 

**  \r 


-  tv  t. 

_ e  n  1 

fWn  (tx  *T) 


lne^UnT  =  t  V  T 
n 


Since  the  period  of  oscillation  is  equal  to 

2  ir 

T  =  - 

V 

n 


fl  -  t 


the  decrement  can  also  be  expressed  as 

•  2  ir  t  ire 


V 


1  -  t‘ 


mu 


nd 


IT  C 


rrz 

1  “  UmL 


For  damping  factors  equal  to  and  less  than  0.4,  the  decrement  can  be  made 

6  ss  2  t rf 
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C  =  -  = 


F_  0.1  0<QS  lb-sec 


v 


in. 


W^( Damped ) 


/"k  /  c  \2  *  /  10x386  / 

V  m  '  \2m/  =  V  “ST"  =  ^ 
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2  tr 


C  =  2 
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1.98  Hz 
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;  2  V“5e5"  =  1>61  "Tru 


Cc  is  the  critical  damping  constant 


6  =  — — 

mu„d 


".f;05^66  .  o.i9s 

t.5xlz.42 


yn  yn 

In  —  =  In  -2- 
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Therefore  the  ratio  of  two  successive  amplitudes 


n 

'n+l 

T 


e°  =  1.21 6 


(J 


^2  ^ 2  =  0.506  seconds  (period) 


nd 


Time  for  10  cycles  -  10  T  =  5,06  seconds.  Since, 


=  e 


n+1 


n  6 


-  <e4f 


'10 


,  -6  xio 
y0  (e  ) 


3 

IT 


( rrzir) 


10 


=  0.106  inches 
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CHAPTER  2 
NATURAL  FREQUENCY 


ABSTRACT: 

Natural  frequency  la  perhaps  the  moat  important  single  structural 
parameter  that  the  design  engineer  will  have  to  evaluate  and  nanlpulate 
In  the  successful  evolution  of  equipment  structure.  The  frequency  at 
which  resonant  amplification  occurs  and  subsequent  attenuation  beyond  the 
resonant  range  are  response  phenomena  directly  related  to  the  natural 
frequency  parameter. 

The  factors  of  mass  distribution,  weight,  support  geometry,  and  stiffness 
are  all  design-relevant  constraints  which  the  packaging  engineer  will 
control  in  the  design  and  execution  of  the  equipment  package.  These 
factors  also  define  the  natural  frequency  of  the  structure.  This  chapter 
relates  these  constraints  with  the  response  of  the  equipment  system  to 
shock  and  vibration  Influences. 

The  application  of  the  natural  frequency  concept  to  some  practical  design 
situations  Is  discussed  in  detail.  The  use  of  natural  frequency  In 
absorption  and  Isolation  design  problems,  shock  response,  and  the  im¬ 
provement  of  Joints  and  Interfaces  are  covered  in  depth. 

Methods  for  measuring,  estimating,  and  calculate  natural  frequency  are 
outlined.  Including  computer  techniques  and  electrical  analogies.  Visual 
and  analytics^,  estimation  methods  are  also  discussed,  as  veil  as  the  use 
of  transducers  on  full  scale  laboratory  models. 
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Important? 

a  Springs,  Masses  and  Dampers 

•  Otoe  Single  Degree  of  Freedom  System 


Section  1  —  Introduction 


■ksuuL  rnttmci:  mmt  is  it,  wr/  is  it  wpcrbutt 


All  elastic  structures  oscillate  when  excited,  file  frequencies  at  which  they 

are  prsdlctahle  and  naaeurafale,  and  greatly  influence  structural  response. 


Whet  is  IHtural  FrequencyT 

An  elastic  system  which  Is  displaced  free  Its  equilibria*  (at  rest)  posi¬ 
tion  and  then  released  will  oeclllate  st  distinct  frequencies.  These 
frequencies  are  the  natural  frequencies  of  the  systsa.  Far  a  single 
degree  of  freed cn  (s.d.f . )  system,  the  natural  frequency  is  given  by 
Iquatloe  1.  file  natural  frequency  of  the  s.d.f.  system  is  proportional 
to  tbs  square  root  of  the  spring  stiffness  divided  by  the  mess  of  the 
body  mounted  an  that  spring  (See  the  section  on  the  s.d.f.  system).  Far 
a  multiple  degree  of  freedom  system,  more  than  one  natural  frequency 
exists  and  the  eqiatloos  are  more  complex.  In  aljqtllflad  terms,  all 
natural  frequencies  are  proportional  to  the  square  root  of  same  function 
characteristic  of  the  stiffness  of  the  system  divided  by  same  function 
characteristic  of  the  mass  of  the  system.  The  degrees -of -freedom  of  the 
system  are  the  mint—  madber  of  Independent  coordinates  needed  to 
describe  the  motion  of  that  system. 

Unr  Is  natural  Frequency  I^crtantT 

The  natural  frequencies  of  a  structure  determine  the  manner  In  which  the 
structure  will  respond  to  shock,  vibration,  acoustics  end  other  time 
dependent  loads  (sse  the  adjacent  trwnsmi  eiblllty  curves),  file  natural 
frequencies  of  systems  oust  be  properly  Mtched  with  the  usage  environ¬ 
ment  In  order  to  avoid  failures  caused  by  excessive  response.  This 
chapter  discusses  the  Influence  of  natural  frequency  on  response,  as  well 
as  methods  for  predicting  and  controlling  natural  frequency. 
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SPRINGS,  MASSES  AND  DAMPIFS 


Natural  frequency  Is  a  function  of  the  stiffness,  the  mass  capabilities  and  the 
energy  absorption  of  a  system. _ _ 


A  spring  is  that  element  of  a  structure  vhlch  tends  to  restori  the  system 
to  Its  original  position  when  that  system  is  displaced.  The  stiff er  the 
spring,  the  more  quickly  It  tends  to  restore  the  system,  and,  as  one 
would  expect,  the  stlffer  the  spring,  the  higher  the  natural  frequency. 
The  stiffness  of  a  spring  is  described  In  terms  of  units  of  force  per 
unit  of  displacement;  for  example,  the  units  of  a  tension-compression 
spring  can  be  lbs/ln  and  the  units  of  a  torsion  bar  can  be  lb-ln/degree. 
The  linear  spring,  the  type  most  conmonly  encountered  in  analytical 
studies,  deflects  as  a  linear  function  of  the  farce  applied.  For  example, 
a  linear  spring  with  a  stiffness  of  10  lbs/in  will  deflect  1  inch  If 
10  lbs  of  force  are  applied,  3  inches  If  30  lbs  of  force  are  applied,  etc. 
A  plot  of  force  vs  deflection  for  a  linear  spring  is  a  straight  line  and 
the  slope  of  that  line  is  the  stiffness  of  the  spring.  Equation  1  is  the 
stiffness  of  a  linear  system.  Many  types  of  non-linear  springs  occur  in 
actual  structures  (see  the  references),  but  for  small  deflections,  the 
slope  of  the  force-displacement  curve  can  be  considered  constant,  even 
for  some  non-linear  springs. 

Mass  can  be  considered  as  the  multiplying  factor  which  relates  the  accel¬ 
eration  of  a  body  to  the  force  applied  to  that  body,  as  in  Equation  2. 

Mass  is  related  to  weight  (Equation  3)  in  that  weight  is  the  force  exerted 
on  a  body  by  the  acceleration  of  r~nvity.  The  weight  of  a  body  changes  as 
gravity  changes  but  the  mass  of  a  body  is  a  constant.  (Some  readers  may 
comment  that  mass  changes  as  the  speed  of  light  1b  approached;  although 
this  is  true,  it  is  also  true  that  no  caces  of  structure  failure  have 
ever  been  attributed  to  this  effect.)  The  units  of  mass  are  such  that 
when  mass  is  multiplied  by  acceleration,  the  result  is  in  units  of  force. 
For  example,  if  the  system  involves  force  in  lbs  and  acceleration  in 
in/sec2,  mass  will  be  in  units  of  lbs-sec2/in.  In  general,  the  greater 
the  mass  of  a  system,  the  lower  the  natural  frequency  because  it  will  take 
longer  far  a  spring  to  return  the  heavier  mass  to  its  original  position. 
For  a  torsional  system  the  effect  of  mass  on  the  system  is  expressed  in 
terms  of  rotary  inertia,  the  applied  force  is  a  torque  and  acceleration 
is  angular  acceleration  (Equation  4). 

Damping  is  that  element  of  a  system  vhlch  absorbs,  or  dissipates  energy. 
For  purposes  of  analysis,  the  mechanics  of  this  dissipation  can  be  repre¬ 
sented  in  several  ways.  All  methods  of  representing  damping  refer  to  a 
system  in  motion.  The  most  common  method  for  representing  damping  is  with 
viscous  friction.  With  viscous  damping,  energy  is  dissipated  by  doing 
work  against  a  viscous  fluid.  The  force  associated  with  viscous  damping 
is  directly  proportioned,  to  velocity  (Equation  5).  The  units  of  damping 
cure  such  that  when  c  is  multiplied  by  velocity,  the  result  is  in  units  of 
force.  Increased  damping  has  the  effect  of  slightly  (insignificantly,  for 
small  values  of  damping)  lowering  the  natural  frequency.  However,  the 
major  effect  of  damping  is  its  influence  on  the  maxi. mum  displacement  of  a 
resonating  system.  The  smaller  the  coefficient  of  damping,  the  larger  the 
resonant  displacement.  The  qualitative  aspects  of  damping  are  discussed 
further  in  the  chapter  on  "Dynamic  Attenuation." 
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SPRING,  MASS  AND  DAMPER:  The  basic  elements  of  the  vibratory  system. 
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THE  SIICLE  DEGREE  OF  FREEDOM  SYSTEM 


Many  types  of  structures  my  be  approximately  represented  by  the  single  degree  of 
freedom  system.  This  allows  simple  analysis  procedures  and  generalized  graphs  and 
charts  to  he  used. _ 


A  single  degree  of  freedom  (s-d-f)  system  consists  of  a  mss,  spring,  and 
dasiper  restrained  to  move  in  such  a  manner  that  all  motion  can  be  described 
in  terms  of  a  single  coordinate  (linear  or  angular  displacement).  The 
spring  has  no  mass,  the  mss  is  completely  rigid,  the  damper  is  both  rigid 
(except  for  the  viscous  fluid)  and  without  mss,  and  the  imaginary  re¬ 
straint  is  frictionless.  The  single  degree  of  freedom  system  has  only  one 
natural  frequency. 

For  analysis  purposes,  various  structures  nay  be  represented  by  a  single 
degree  of  freedom  system.  Any  structure  which  can  be  reasonably  repre¬ 
sented  by  a  massless  spring  and  a  concentrated  mss  can  be  analyzed  as  a 
single  degree  of  freedom  system.  In  addition  to  the  illustrated  struc¬ 
tures,  it  should  be  noted  that  any  uncoupled  mode  of  vibration  (i.e.,  any 
natural  frequency  whose  motion  can  be  described  by  a  single  coordinate) 
can  be  represented  by  a  single  degree  of  freedom.  For  example,  a  beam 
or  a  plate  vibrating  at  one  of  its  natural  frequencies  will  deflect 
according  to  a  definite  pattern  or  mode  shape.  The  deflections  of  all 
moving  points  on  the  body  are  directly  proportional  to  any  single  moving 
point  on  the  body  (assuming  a  linear  system).  Therefore,  if  a  point  is 
selected,  its  motion  can  be  defined  by  a  single  degree  of  freedom  system 
and  the  motion  of  any  other  point  can  be  defined  by  simply  using  a  pro¬ 
portional  constant  (for  the  mode  being  considered). 

The  single  degree  of  freedom  system  is  a  convenient  analytical  tool 
because  the  equations  involved  are  fairly  simple  and  the  results  can  be 
expressed  in  general  terms.  General  transmissibilities,  phase  angle 
relationships,  damping  effects  and  shock  responses  for  the  single  degree 
of  freedom  are  covered  extensively  in  the  literature.  Theso  items  sure 
discussed  further  in  other  sections. 

Structures  which  contain  two  or  more  spring-connected  masses,  structures 
which  have  widely  distributed  mass,  and  structures  whose  masses  are  free 
to  move  in  several  directions  require  analysis  by  more  complex  methods. 

As  the  degrees  of  freedom  of  a  system  become  greater,  it  becomes  increas¬ 
ingly  difficult  to  express  the  problem  in  general  terms.  Multiple 
degree  of  freedom  systems  require  analyses  which  look  at  the  specific 
problem  rather  than  use  the  general  approach.  The  relative  merits  of  the 
single  degree  of  freedom  system  and  more  complex  structures  are  dis¬ 
cussed  further  in  the  subsection  on  Estimating  and  Calculating  Natural 
Frequency. 

The  single  degree  of  freedom  system  will  be  used  in  most  of  the  discus¬ 
sions  in  this  chapter  because  it  is  generally  applicable  and  easier  to 
illustrate  and  understand. 
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THE  SINGLE-DEGREE-OF-FREEDOM  SYSTEM:  The  single-degree-of-freedom 
system  provides  a  single  means  for  studying  various  types  of  structures. 
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•  The  TransmiMibility  Curve 

•  Amplification  of  Resonances 

•  Modes  of  Vibration 

e  Natural  Frequency  end  Fatigue 

•  Natural  Frequency  and  Shock  Spectra 
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•action  2  —  Importance  of  natural  Frequency 
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The  twwtum tty  ciare  Indicates  how  s  system  will  respond  to  a  ribratory 


lbs  trsimml  ssITill  1  tj  curve  Is  ribratory  response  amplitude  divided  by  the 
Input  amplitude,  as  a  function  of  frequency. 

A  single  degree  of  freedom  system  is  considered  here  far  illustrative 
purposes.  Two  types  of  excitation  are  possible:  the  mass  (or  force) 
excited  system  and  the  base  (or  displacement)  excited  system.  Figure  1 
shows  the  mass  excited  system;  the  force  transmlsslbllty,  Tp,  Is  the 
ratio  of  the  force  at  the  base  (response )  to  the  force  applied  at  the 
mass.  Figure  2  shows  the  base  excited  system;  the  displacement  trans- 
alsslblllty,  Tp,  Is  the  ratio  of  the  absolute  displacement  of  the  mass 
(respcase)  to  the  displacement  of  the  base  (input). 

The  equations  far  Tf  and  Tp  are  identical;  see  Equation  1.  The  trans- 
mlsslbillty  Is  a  function  of  fj  (the  undamped  natural  frequency. 

Equation  2)  and  f  (the  damping  ratio),  f  Is  the  ratio  of  the  lamping 
factor,  c,  to  the  critical  damping  c  (Equation  3)  the  critical  damping 
far  a  s.d.f.  system  is  given  by  Equation  4;  this  is  the  minimal  damping 
which  will  cause  the  system  to  return  to  its  equilibrium  position,  with¬ 
out  oecxllatlon,  after  being  displaced  and  released. 

Figure  3  la  s  plot  of  Tf  and  Tfcj  as  a  function  of  frequency.  "JTe  curve  Is 
generalized  by  plotting  the  frequency  axis  as  the  ratio  of  the  applied 
frequency,  f,  to  the  undamped  natural  frequency,  fn.  It  can  be  seen  that 
when  the  frequency  ratio  ( f /f n )  ■  *s/2,  or  approximately  .1.4,  the  transmis- 
alblllty  Is  1,  i.e.,  the  output  equals  the  input.  For  alues  of  f/fD 
between  0  and  1.4  the  transmlsslblllty  is  greater  than  1  and  therefore  the 
input  le  esmllfled.  For  values  of  f/fn  greater  than  1.4  the  input  is 
attenuated  because  the  transmlsslblllty  la  less  than  1.  The  degree  of 
amplification  or  attenuation  le  dependent  on  C,  the  damping  ratio.  In¬ 
creased  damping  reduces  the  amplification,  but  also  increases  the  value 
of  transmlsslblllty  In  the  attenuation  range. 

The  natural  frequency,  fn,  (see  Equation  5)  occurs  at  the  maximal 

values  of  transmlsslblllty.  An  seen  from  Figure  3  and  Equation  5,  the 
darnel  natural  frequency  decreases  slightly  with  Increased  damping. 

Far  multiple  degrees  of  freedom  systems  additional  peaks  will  occur  In 
the  transmlsslblllty  curve;  far  complex  systems  the  transmlsslblllty  can 
be  established  expert  erne  ntally. 

In  general,  the  tranemis slbll ty  of  a  system  should  be  such  that  attenua¬ 
tion  (or  If  attenuation  Is  not  possible,  small  amplification)  occurs  at 
critical  frequencies.  Far  further  discussions,  see  the  sections  on  Iso¬ 
lation  In  this  chapter  and  the  chapter  on  Mechanical  Impedance. 
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FIGURE  1.  MASS  EXCITED  SYSTEM  FIGURE  2.  BASE  EXCITE)  SYSTEM 
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TRANSMISSIBILITY :  The  resonant  response  of  a  simple  system  may  be 
expressed  analytically  by  a  series  of  basic  equations. 
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Section  2  -  Importance  of  Natural  Frequency 
AMPLIFICATION  OF  RESONANCES 


The  maxi na  sinusoidal  vibration  response  of  a  system  is  dependent  upon  the  lamping 
in  the  system  and  the  sweep  rate  of  vibratory  frequency. _ 


Dw  transmlsslblllty  at  resonance,  Q,  is  a  maximum  response  for  a  system, 
and  is  dependent  upon  the  damping  in  a  system.  For  a  single  degree  of 
freedom  system  with  viscous  damping,  Q  is  given  by  Equation  1  and  plotted 
in  Figure  1.  It  can  be  seen  from  Figure  1  that  for  small  values  of 
(less  than  0.1)  Q  is  found  from  Equation  2, 

Figure  1  shows  the  Q  for  a  s.d.f.  system  which  has  reached  its  steady  f 
state  response.  However,  laboratory  test  conditions  do  not  always  allow 
a  system  to  reach  its  steady  state  response.  Consider  a  test  in  which 
the  sinusoidal  input  frequency  is  swept  from  a  minimum  frequency,  f0>  to 
maximum  frequency,  ff.  The  sweep  rate,  K,  is  exponential  and  is  in  units 
of  octaves  per  minute.  The  input  frequency,  f,n,  after  t  minutes  of 
testing  is  given  by  Equation  3.  The  less  damping  in  a  system,  the  longer 
It  takes  to  reach  its  steady  state  response.  If  a  natural  frequency  is 
swept  through  rapidly  it  will  reach  a  smaller  maximum  response  than  if  it 
is  swept  through  slowly.  Figure  2  shows  the  percen  of  steady  state 
response  achieved  as  a  function  of  damping,  sweep  re  ,e,  and  natural  fre¬ 
quency.  If  the  test  sweep  rate  is  too  fast,  the  test  is  not  severe 
enough  even  though  the  input  levels  are  correct. 

Another  effect  of  the  swept  frequency  test  is  to  cause  an  apparent  shift 
in  the  maximum  response  frequency.  This  occurs  when  the  steady  state 
transmissibility  is  greater  than  the  actual  response  achieved  when  the 
natural  frequency  has  been  passed.  As  the  sweep  rate  increases,  the  max- 
imum  response  occurs  further  away  from  the  natural  frequency.  This  is 
illustrated  by  Figure  3.  Therefore,  when  the  natural  frequency  is  deter¬ 
mined  from  laboratory  transmissibility  tests,  the  cweep  rate  must  be 
sufficiently  slow  to  minimize  this  shift  in  maximum  response  frequency 
and  to  allow  steady  stete  response  to  occur. 

Several  examples  employing  Equation  3  are  given  in  the  Appendix 
on  Fage  2.6-3. 
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RESONANT  RISE:  The  amplification  at  resonance  is  affected  by  damping  and 
sweep  rate. 
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MOOD  CP  VnRATXON 

Structure*  Titrate  In  definite  patterns  at  their  natural  frequencies.  These  patterns 
are  useful  in  studying  the  dynamics  of  a  system, _ 


A  ribration  mode  Is  a  pattern  of  motion  that  a  system  assumes  vhen  under¬ 
going  Titration.  When  a  system  Is  vibrating  In  one  of  Its  modes,  all 
points  In  the  system  are  moving  at  the  same  frequency,  with  a  constant 
relationship  between  their  amplitudes.  Some  points  in  the  mode  have  zero 
motion;  these  are  node  points  or  node  lines  (see  the  adjacent  figure). 

A  system  nay  vibrate  in  many  of  Its  modes  simultaneously.  For  example, 
a  broad  band  vibration  spectra  will  excite  all  of  the  modes  In  that  band; 
a  shock  applied  to  a  system  will  usually  cause  all  of  the  modes  of 
vibration  to  respond.  The  extent  to  which  a  mode  responds  depends  on 
the  nature  of  the  excitation. 

The  first  three  typical  mode  shapes  far  a  cantilevered  beam  (or  plate) 
are  Shown  In  the  figure  at  the  right.  The  first  (or  fundamental)  mode 
has  its  maximum  amplitude  at  the  tip  with  a  continuous  decrease  as  the 
support  Is  approached.  Amplitude  at  the  support  (far  all  modes)  is  zero, 
unless  the  support  Itself  is  In  motion.  The  second  mode  of  the  canti¬ 
levered  beam  has  large  amplitudes  at  the  tip,  decreases  In  amplitude 
toward  the  support  until  a  mode  occurs  at  seme  intermediate  position  along 
the  beam;  Increases  agtln  to  a  second  large  amplitude;  and  finally 
decreases  to  zero  at  the  base.  Similarly,  the  third  mode  has  two  nodes 

between  the  tip  and  the  base.  The  exact  positions  of  the  nodes  and  the  ,  k 

relative  amplitudes  of  the  mode  shape  are  dependent  upon  the  mass  dis¬ 
tributions  and  stiffness  distributions  in  the  system.  '  * 

The  cantilevered  beam  has  mare  than  three  modes;  a  system  has  as  many 
modes  of  vibration  as  degrees  of  freedom.  (The  degrees  of  freedom  are 
the  number  of  Independent  coordinates  needed  to  completely  define  the 
vibratory  motion,  and  hence  position,  of  a  system. )  A  single  mass  on  a 
system  of  springs  can  have  six  degrees  of  freedom  and  therefore  six 
modes  of  vibration.  These  modes  consist  of  translational  and  pitching 
motion  In  each  of  three  mutually  perpendicular  planes. 

The  response  of  Items  mounted  on  vibrating  systems  can  be  minimized  by 
selecting  attachment  points  near  the  nodes  of  the  system.  Usually  the 
lower  modes  of  vibration  are  the  most  significant;  however,  higher  modes 
are  important  if  they  occur  at  the  sensitive  frequencies  of  the  mounted 
Item.  In  addition,  stresses  In  the  system  are  dependent  on  the  mode 
shapes.  Characteristic  mode  shapes  also  aid  in  the  identification  of 
natural  frequencies  determined  by  test. 
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MODE  SHAPE:  Structures  vibrate  in  characteristic  patterns. 
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NATURAL  FREQUENCY  AND  FATIGUE 


Changing  the  natural  frequency  of  a  structure  can  Improve  the  fatigue  strength.  A 
number  of  factors  affect  toe  fatigue  damage;  these  factors  must  be  considered  along 
with  the  frequency  change. 


A  simple  model  is  used  here  to  illustrate  the  effect  of  changing  natural 
frequency  on  the  fatigue  damage  to  a  structure.  The  model  consists  of  a 
mass  m  mounted  on  a  massless  column  of  length  1,  cross-section  area  A  and 
stiffness  k.  The  structure  is  excited  with  an  input  acceleration  aln; 
response  acceleration  a  and  response  displacement  d  are  relative  to  the 
base.  The  system  is  free  to  oscillate  in  the  vertical  direction  only. 

The  fatigue  strength  of  the  structure  is  assumed  to  be  represented  by  the 
S-N  curve  shown,  and  damage  is  assumed  to  occur  according  to  Miner's 
Rule.  (See  the  chapter  on  Fatigue.*)  The  system  is  vibrated  for  time  t, 
and  the  fatigue  damage  is  D.  (Failure  occurs  when  D  =  1).  A  factor, 

K_,  is  introduced  which  represents  the  stress  per  unit  of  response  dis¬ 
placement.  Equation  1  is  cun  expression  for  the  fatigue  damage  (Dg)  in 
the  changed  structure,  in  terms  of  the  fatigue  damage  (D^)  in  the  original 
structure.  The  derivation  of  Equation  1  is  given  in  the  Appendix  on 
page  2.6-4  and  2.6-5.  The  material  properties  (E,  C,  a  )  are  assumed  to 
remain  unchanged;  however,  this  approach  can  be  expanded  to  Include 
material  changes. 

Equation  1  states  that  the  changes  in  the  fatigue  damage  is  dependent 
upon  changes  in  the  following: 

1.  The  natural  frequency, 

2.  The  vibration  time,  t. 

3.  The  input  acceleration  at  the  natural  frequency,  aln. 

4.  The  stress/displacement  factor,  Kg. 

For  Equation  2  the  test  time  and  input  acceleration  is  considered  to 
remain  constant.  Three  examples  are  given  in  the  appendix  where  the 
natural  frequency  is  Increased  by;  increasing  the  cross-sectional  area; 
decreasing  the  column  length;  and  increasing  the  mass.  The  fatigue 
deunage  change  is  not  only  a  function  of  the  natural  frequency  increase, 
but  also  a  function  of  the  manner  in  which  the  natural  frequency  is 
changed. 

For  the  model  shown,  an  increase  in  the  natural  frequency  will  increase 
the  fatigue  life  if  fn  is  increased  by  increasing  the  area  or  reducing 
the  masc.  Alternatively,  if  fR  is  increased  by  a  decrease  in  length, 
then  the  fatigue  life  decreases. 


♦See  Volume  III,  Chapter  5,  Section  2  -  "Fatigue". 
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For  the  illustrated  model 
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FATIGUE  AMD  NATURAL  FREQUENCY:  Natural  frequency  is  a  major  factor  in 
determining  the  fatigue  damage  to  a  structure. 

*  See  the  Appendix  pageB  2.6-4/-5  for  the  derivation  of  equation  (l). 
Examples  on  the  application  of  the  other  equations  above  are  also  given 
in  the  Appendix,  pages  2.6-6/-7« 
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WURRAL  FRBQUBKJf  AMD  SHOCK  SPECTRA 


Mature!  frequency  la  a  determining  factor  in  the  reapooae  of  a  ayatem  to  ahock  Inputs 


Shock  Spectra:  Shock  spectra  provide  a  convenient  approach  to  studying 
the  effects  of  a  shock  on  a  system  and  for  comparing  the  severity  of 
shocks  with  different  pulse  shapes.  The  shock  spectrum  is  a  plot  of  the 
maxlmun  response  of  a  single  degree  of  freedom  system  plotted  as  a  func¬ 
tion  of  frequency.  Physically,  this  can  be  viewed  as  many  s.d.f .  systems, 
each  with  slightly  different  natural  frequencies,  attached  to  a  rigid 
base  (Figure  la).  A  shock,  a(t),  (Figure  lb)  is  applied  at  this  rigid 
base  and  the  s.d.f.  systems  respond  (y)  at  their  natural  frequencies. 

The  maxlmimi  response  for  each  system  is  noted  and  plotted  as  a  function 
of  natural  frequency  (Figure  lc);  this  is  a  form  of  shock  spectra.  It 
is  important  to  note  that  shock  spectra  is  not  a  time  plot;  it  is  a  fre¬ 
quency  plot  showing  only  maximum  response  values.  The  appendix  shows  the 
shock  spectra  for  some  typical  simple  shock  pulses.  The  plot  is  general¬ 
ized  by  dividing  the  maxima  response  acceleration  (ymx)  bJr  th®  rcaxjmum 
input  acceleration  (acmx).  The  frequency  axis  is  generalized  by  multi¬ 
plying  fn  by  the  pulse  duration,  r.  The  response  is  plotted  for  s.d.f. 
systems  with  no  structure  damping;  systems  with  damping  are  given  in 
Reference  4. 

natural  Frequency  and  Shock  Response:  It  can  be  seen  from  the  shock 
spectra  plots  in  the  appendix  thatTf  rfn  is  less  than  approximately  0.3 
(depending  on  the  type  of  shock)  the  response  factor,  Am,  is  less  than  1. 
This  means  that  the  maximum  response  is  less  than  the  maximum  input;  the 
shock  is  attenuated.  For  example:  if  some  part  of  an  electronic  com¬ 
ponent  experienced  a  l/2  sine  input  shock  (curve  b)  with  a  0.010  second 
duration  (t),  the  shock  would  be  attenuated  if  the  fn  of  the  part  were 
less  than  30  cps  (fn  *  Ttfjr  •  0.3/0.010  -  30).  The  most  severe  response 
(l.Samax)  would  occur  if  fn  were  equal  to  approximately  80  cps  (fn  * 
ffn/r  »  0.8/0.10  «  80).  For  fn  above  24 0  cps,  the  response  is  approxi¬ 
mately  equal  to  the  input  (actually,  response  is  slightly  higher). 
Therefore,  for  this  example,  it  is  desirable  to  avoid  natural  frequencies 
between  30  and  240  cps,  with  frequencies  below  30  cps  most  desirable. 
Restrictions  based  on  shock  response  have  to  be  balanced  against  vibra¬ 
tion  response  limitations  and  deflection  restrictions. 
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SHOCK  SPECTRA:  The  natural  frequency  of  a  structural  element  is  used  to 
define  the  shock  response  of  that  element. 


VOLUME  III  -  CHAPTffi  2 
NATURAL  FREQUENCY 

SECTION  3  -  APPLICATIONS  OF  NATURAL  FREQUENCY 

•  Shock  and  Vibration  Isolation 

•  Natural  Frequency  and  Drop  Shock 

•  Effects  of  Joints  on  Natural  Frequency 
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SHOCK  AID  VIBRATION  ISOLATION 


1 he  natural  frequency  of  a  ayatem  will  strongly  Influence  the  reaponae  of  that  ayatan 
to  a  given  ahock  or  vibration  Input.  It  la  neceaaary  to  balance  dealgn  reatrlctlona 
with  reduction  in  reaponae. 


) 


For  illuatratlve  purpoeea,  consider  a  single  degree  of  freedom  ayatem 
with  a  natural  frequency  of  25  Hz  and  a  Q  of  10.  Bie  ayatem  la  subjected 
to  a  sinusoidal  base  (force)  excitation  of  lg  from  5  Hz  to  50  Hz,  at  a 
sufficiently  slow  sweep  rate  to  allow  full  response  to  occur.  In  addition, 
the  base  of  the  system  is  subjected  to  a  l/2  sine,  lOg,  0.002  second 
duration  shock  pulse.  Assism  the  system  is  am  electronic  component  that 
will  fail  if  Its  acceleration  response  exceeds  5g,  or  If  deflection 
response  exceeds  1  Inch.  It  can  be  seen  from  the  Illustration  that  the 
system  will  have  a  lOg  response  due  to  the  vibration  and  failure  will 
occur. 

If  the  natural  frequency  Is  raised  beyond  the  vibration  test  range 
(assume  no  vibration  Input  occurs  beyond  50  cps)  then  the  system  will 
have  a  vibration  response  below  5g  at  all  frequencies.  Failure  will  not 
now  occur  due  to  vibration;  the  shock  response  however  Is  another  natter. 
Assume  the  new  natural  frequency  is  l6o  cps.  In  this  case  the  shock 
response  would  be  15g  and  now  failure  would  be  caused  by  the  Input  shock. 

If  the  natural  frequency  Is  low  red  to  h  Hz,  the  shock  response  is  lower 
and  the  vibration  response  Is  down  to  a  maxi  naan  of  approximately  2g  at 
5  Hz.  (Assise  lo  Inputs  occur  below  5  Hz. )  However,  deflection  at  5  Hz 
is  now  approximately  1.6  inches  and  failure  will  occur.  A  nomograph  far 
displacement,  velocity,  acceleration,  and  frequency  Is  given  in  the 
Appendix,  page  2.6-10. 

If  damping  Is  added  to  the  25  cps  system,  the  vibration  response  Is 
reduced  considerably,  but  the  effect  on  shock  response  Is  small. 

If  the  system  Is  put  on  an  Isolation  mount,  both  the  damping  and  the 
natural  frequency  Is  affected.  In  most  cases  a  soft  mount  or  Isolator 
will  add  damping  to  the  ayatem  a  ad  reduce  the  natural  frequency.  Inis 
reduces  both  shock  and  vibration  response  (in  terms  of  g)  but  again  It  Is 
Important  to  keep  an  eye  on  reflection.  In  the  Illustrated  system,  the 
deflection  does  not  exceed  1  inch.  However,  If  the  Isolated  natural 
frequency  were  5  Hz,  with  a  Q  of  3,  the  deflection  during  vibration  would 
exceed  1  Inch. 

It  is  not  always  necessary  to  use  an  isolation  system  (l.e.,  add  damping 
and  lower  the  natural  frequency)  to  obtain  satisfactory  reductions  In 
response.  Many  problems  can  be  resolved  by  strengthening  the  system, 
raising  or  lowering  the  natural  frequency  or  merely  adding  damping.  A 
good  dealgn  maintains  the  proper  balance  of  such  factors  as  functional 
requirer^uts,  shock  response,  vibration  response,  cost,  weight,  and  size 
of  the  assembly  and  availability  of  parts  and  material. 
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NATURAL  FREQUENCY  AND  DROP  SHOCK 


Lowering  the  natural  frequency  of  a  package  will  decrease  its  response  acceleration 
when  dropped;  however,  the  response  displacement  will  Increase.  A  good  design  will 
balance  allowable  acceleration  with  allowable  displacement. 


The  Model:  A  very  simple  model  is  used  here  to  illustrate  the  effect  of 
natural  frequency  on  the  shock  caused  by  dropping  a  package.  The  model 
is  a  single  degree  of  freedom  system  consisting  of  a  mass,  m,  and  spring, 
k.  The  weight  of  the  package  is  represented  by  m,  and  k  indicates  the 
stiffness  of  the  structure  which  deflects  during  impact.  The  package 
drops  from  a  height,  h,  and  experiences  a  maximum  acceleration,  a^Y, 
and  a  maximum  deflection,  d^y. 

If  the  maximum  deflection  of  the  mass  exceeds  the  allowable  deflection, 
da,  internal  impact  (a  failure)  will  occur.  If  the  maximum  acceleration 
exceeds  the  allowable  acceleration,  failure  will  occur. 

Design  for  Response:  As  the  system  Impacts,  the  spring  deflects  until  It 
reaches  d^v  as  given  by  Equation  1.  At  the  same  time  the  system  exper¬ 
iences  Its  maximum  acceleration  as  given  by  Equation  2,  The  natural 
frequency  of  the  system  must  be  low  (small  In  value)  enough  such  that 
a^y  does  not  exceed  e^.  On  the  other  hand,  th  natural  frequency  must 
be  high  enough  to  avoid  Internal  Impact  (lmpac  occurs  when  dmnv  exceeds 
da).  These  restrictions  limit  the  natural  freq.incy  to  a  band  between 
fn^n  and  fMY  as  expressed  by  Equations  3  and  L.  Additional  restrictions 
on  the  natural  frequency  may  be  Imposed  by  vibration  requirements. 

Limitations :  This  Is  a  simplified  model  used  to  illustrate  the  facts 
that,  during  drop  Impact,  the  acceleration  response  varies  directly  with 
the  natural  frequency  and  the  deflection  response  varies  Inversely  with 
the  natural  frequency.  Most  real  systems  will  have  several  degrees  of 
freedom,  different  shock  restrictions  for  different  components,  and 
structural  damping.  Sane  real  systems  will  have  nonlinear  deflections  or 
experl  nee  plastic  deformation.  These  systems  would  have  to  be  considered 
as  Individual  cases.  Reference  3  goes  iiito  greater  detail  for  designing 
packages  for  drops.  The  model  presented  here  can  be  used  as  \  first-cut 
quick  check  on  the  adequacy  of  a  simple  design. 
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Where : 


(6) 


a  <  c 

a  ~  max 

For  a  given  system  the  natural  frequency  must  fall  betveei  the  limits 
of  (fmln)  and  (fmax)  or  where  (k)  Is  variable.  The  desig:  value  must 
fall  between  the  limits  of  (koin)  and  (k^y)  if  &a  is  expressed  in 
units  of  g  (Aq),  then  Aada/CSh)  >  1  for  safe  operation. 

Ar.  illustrative  example  is  given  in  the  Appendix  on  page  2.6-8. 
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Section  3  -  Applications  of  Natural  Frequency 


EFFECTS  OF  JOINTS  ON  NATURAL  FREQUENCY 

The  manner  in  which  sections  of  a  structure  are  Joined  has  a  major  influence  on  the 
natural  frequency  of  the  structure. 


The  stiffness  across  a  Joint  can  have  a  major  influence  on  the  natural 
frequency  of  a  structure.  For  example,  consider  a  cantilevered  beam 
which  is  fastened  to  the  support  by  means  of  a  Joint  with  very  snail 
stiffness  (small  with  respect  to  the  stiffness  of  the  beam).  In  this 
case  the  stiffness  of  the  beam  will  have  little  effect  on  the  fundamental 
frequency;  the  first  natural  frequency  will  depend  almost  completely  on 
the  stiffness  of  the  Joint  and  the  mass  distribution  of  the  beam. 

The  illustration  shows  Joint  stiffnesses  for  thin-skinned  tube  structures. 
The  Joint  rotation  constant  is  the  angular  displacement  across  a  Joint 
(in  bending)  for  an  applied  moment.  An  excellent  Joint  (high  stiffness) 
has  a  low  value  for  the  Joint  rotation  constant.  A  loose  Joint  has  a 
high  value  for  the  Joint  rotation  constant.  The  Joint  constants  are 
plotted  as  a  function  of  tube  diameter.  The  Joints  discussed  below  have 
Joint  constants  which  fall  in  bands  around  the  lines  shown  rather  than 
exactly  on  the  lines. 

Excellent  Joints:  These  Joints  include  butt  welded  skinB  and  heavy 
bolted,  preloaded  Joints. 

Good  Joints:  This  category  includes  heavy  flange  bolted  Joints,  threaded 
sections  with  a  butt,  and  Marman  bands. 

Moderate  Joints:  Some  Joints  of  moderate  stiffness  include:  riveted, 
lapped;  riveted  to  inner  ring;  and  thread  section  without  a  butt. 

Loose  Joints:  This  Includes  li$it  flanges  and  lapped  Joints  with  screw 
fasteners . 

A  typical  example  is  given  In  the  Appendix  on  page  2.6-9. 
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JOUKT  STIFFNESS:  Joints  have  a  major  effect  on  the  stiffnees  of  a  structural 
system. 
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Section  k  -  Measuring  fctural  Frequency 
VISUAL  FCR  8IUDIDP  NATURAL  FHBQUHK7T 

Natural  frequencies  can  be  lound  by  visually  noting  the  nodes  of  vibration. 


When  a  system  has  a  very  low  natural  frequency,  which  Implies  large 
deflections  when  excited,  its  natural  frequency  can  be  seen  with  the  naked 
eye*  For  example,  in  the  case  of  a  low  frequency  system  consisting  of  a 
weight  hanging  on  a  soft  spring,  the  natural  frequency  can  be  determined 
by  disturbing  the  weight  and  counting  the  number  of  free  oscillations  per 
unit  time.  In  most  practical  systems,  however,  the  deflections  of  a 
resonating  system  are  too  small  (and  the  motion  too  rapid)  to  be  detected 
with  the  naked  eye.  Ibis  section  discusses  two  of  the  methods  used  to 
visually  study  oscillatory  motion;  the  section  that  follows  discusses  the 
use  of  transducers  in  studying  natural  frequency. 

Stroboscopic  Light:  A  stroboscopic  light  produces  a  bright  flashing 
light  at  a  selected  frequency  and  is  used  to  give  the  appearance  of 
"alow  motion"  to  a  moving  object.  Natural  frequency  is  detected  by 
exciting;  the  system  (uslzg  an  electromagnetic  shaker)  at  a  given  fre¬ 
quency  and  flashing  the  light  on  the  system  at  a  slightly  different 
frequency.  The  excitation  frequency  (as  well  as  the  slightly  different 
flash  frequency)  is  slowly  increased  until  a  resonant  mode  of  vibration 
appears  in  slow  motion.  The  excitation  frequency  causing  maxima  deflec¬ 
tion  le  noted  and  thus  a  natural  frequency  has  been  found. 

The  slow  motion  effect  is  explained  by  the  accoeipanying  figure.  With  each 
flash  the  light  catches  the  motion  in  a  slightly  different  position,  and 
the  eye  makes  the  motion  seem  continuous.  This  system  can  also  be  used 
with  a  specially  synchronised  notion  picture  camera 

Sprinkled  Salt  Test:  Another  method  for  detecting  natural  frequency  is 
test . "  In  this  approach,  salt  (or  sand,  sufpur,  etc.)  is 
sprinkled  over  the  vibrating  surface.  (This  approach  is  limited  by  the 
fact  that  the  vibrating  surface  must  be  in  the  horizontal  plane  and  must 
be  fairly  flat.)  The  excitation  frequency  is  changed  until  the  salt 
collects  in  distinct  patterns  Indicating  the  node  lines  (see  the  adjacent 
figure).  The  salt  is  thrown  off  the  vibrating  surface,  but  collects  at 
the  node  lines  where  zero  (or  very  small)  motion  occurs. 
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Section  4  -  Measuring  Natural  Frequency 

USING  TRAlBDUCHtS  TO  DETECT  NATURAL  FREQUENCY 


The  acceleration,  velocity,  deflection,  and  force  relationships  of  a  system  can  be 
detected  and  used  In  the  study  of  natural  frequency. _ 


Transducers  are  devices  which  provide  electrical  signals  proportional  to 
the  motion  of  (or  forces  on)  the  area  to  which  they  are  mounted.  This 
section  discusses  the  use  of  accelexatlon,  velocity,  deflection,  force, 
and  strain  transducers  in  studying  natural  frequency.  These  devices  can 
be  used  to  get  transmlsslblllty  and  response  plots.  For  simple  structures, 
the  natural  frequencies  will  occur  at  the  frequencies  which  have  maximum 
transmlsslbllltles.  For  more  complex  structures,  response  peaks  also 
occur  at  other  frequencies  in  addition  to  natural  frequencies.  There¬ 
fore,  It  Is  useful  to  study  another  Important  characteristic  of  the 
dynamics  of  a  vibrating  system,  that  Is,  the  phase  angle  between  farce 
and  displacement.  The  phase  angle,  0 ,  represents  the  time  lag  between 
peaks,  as  shown  In  the  adjacent  figure  for  the  single  degree  of  freedom 
system. 

At  resonance  the  phase  angle  between  force  and  displacement  is  90° 

(w/z  radians).  Measuring  this  phase  angle  (or  similar  force  relationships 
with  velocity  or  acceleration)  provides  another  Indication  of  resonance. 

In  addition  to  response  and  phase  angle,  transducers  are  used  to  find 
natural  frequency  with  mechanical  impedance  methods  (see  the  chapter  on 
Impedance). 

Accelerometera:  Two  general  classes  of  accelerometers  are  used;  the 
piezoelectric  and  strain  gage  types.  The  piezoelectric  type  uses  a 
crystal  which  produces  an  electrical  signal  proportional  to  the  dynamic 
farce  applied  to  It.  The  strain  gage  type  gives  a  signal  proportional  to 
the  strain  In  a  flexible  mass-support.  The  piezoelectric  type  Is  used 
mostly  where  small  transducer  weight  and  size  are  Important,  and  the  strain 
gage  type  where  sensitivity  and  low  frequency  response  sure  governing 
factors. 

Velocity  Meters;  Devices  which  measure  velocity  directly,  and  usually  do  so  by 
breaking  lines  of  magnetic  flux.  Sometimes  it  Is  mare  convenient  to  Inte¬ 
grate  an  acceleration  signal  to  obtain  velocity. 

Displacement  Devices;  For  large  deflection  studies,  a  potentiometer  can 
be  used  to  detect  deflection.  Another  device,  the  proximity  gage,  senses 
the  change  In  electrical  capacitance  between  the  sensor  and  the  vibrating 
surface.  An  advantage  of  the  proximity  gage  is  that  the  device  does  not 
contact  the  vibrating  structure. 

Force  Transducer :  Both  piezoelectric  and  strain  gages  type  transducers 
are  used  to  sense  force.  The  strain  gage  type  will  sense  both  static  and 
dynamic  forces.  The  piezoelectric  devices  sense  only  dynamic  force. 

Strain  Gays:  The  resistance  of  a  strain  gage  (and  thus  the  voltage  drop 
across  it)  changes  as  the  surface  to  which  it  is  mounted  Is  strained.  This  is 
an  Indication  of  the  stress  and  loads  (farces)  in  a  structure. 
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PHASE  ANGLE  INDICATES  RESONANCE.  The  phase  angle  between  force  and 
displacement  Is  90°  when  the  system  Is  vibrating  at  Its  natural 
frequency. 
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SECTION  5  -  ESTIMATING  AND  CALCUIATINB  NATURAL  FREQPBCT 
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•  Ualng  Electrical  Analogies  to  Study  Natural 
Frequency 

•  Digital  Computer  Techniques 


KHM  ZZZ  - 
Section  5  -  I 


itinating  and  Calculating  Hatural  Frequency 


Km)  A  'XDEL  TO  SZMPZJFT  AMLXSXS 


All  structures  must  ba  repreee ntad  by  an  analytical  aodal  In  order  to  calculate 
their  natural  frequencies. 


A  simple  structure  can  be  modeled  as  a  single  degree  of  free don  system. 
For  example,  the  structures  shown  at  the  right  hare  a  concentrated  mass 
on  a  light -weight  beam.  These  can  be  represented  by  a  single  degree  of 
fraedoa  system  with  aass  a  and  stiffness  (at  the  mass)  k;  stiffness  Is 
dependent  on  the  support  conditions. 

For  acre  complex  structures,  springs,  masses  and  daapers  are  used  as  the 
building  blocks  for  the  nodal.  The  vacuus  tube  mounted  on  a  chassis  can 
ba  considered  as  a  system  of  point  masses  connected  by  springs  and 
dampers.  As  shown  In  the  ady cent  figure,  ki  represents  the  stiffness 
of  the  chassis,  m^  the  mass  of  the  chassis,  kg  the  stiffness  between  the 
tube  body  sad  the  chassis,  mo  the  mass  of  the  tube  body,  and  k*  and  m* 
rspreeant  the  filament  structure.  This  reduces  the  structure  (which  is 
actually  quite  complex)  to  a  fora  which  will  give  usuable  answers  far 
the  response  of  the  sensitive  lten,  l.e.,  the  fllsnent. 

If  a  acre  detailed  nodal  wars  needed  to  give  proper  response,  additional 
mass  and  spring  breakdowns  can  be  aade.  For  extaple,  a  more  detailed 
nodal  of  the  top  of  the  chassis  nay  ba  needed.  Tills  can  be  obtained  by 
modeling  the  chassis  top  as  a  beaa  on  springs.  The  bean  is  broken  down 
into  concentratad  masses  connected  by  massless  stiffness.  The  natural 
frequencies  of  these  systems  are  found  by  usixg  the  methods  discussed  in 
the  topic  "Determining  Rstural  Frequency  Analytically.^ 

The  co^lexlty  of  tha  aodal  depends  on  the  objectives  of  the  analysis. 

In  determining  the  vibratory  stress  In  a  simple  structure,  a  single 
degree  of  freedom  nodal  nay  often  ba  sufficient.  Far  a  structure  vhlch 
■mat  have  carefully  controlled  displacements  (e.g.,  the  mounting  surface 
for  an  illpint  device),  a  complex  aodel  yielding  many  nodes  may  be 
Beaded.  The  limitations  of  tha  aodal  should  not  be  exceeded,  nor  rbould 
an  overly  cosplsx  aodal  be  uaed  whan  not  needed. 
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Section  &  -  Estimating  and  Calculating  Natural  Frequency 
STATIC  DEFLECTION  AMD  NATURAL  FREQUENCY 


The  static  deflection  of  a  structure  provides  a  simple  means  for  finding  the 
fundamental  frequency. _ 


Static  deflection  (  4  Bt )  la  the  displacement  of  a  structure  (at  rest) 
under  Its  own  weight.  For  a  single  degree  of  freedom  system,  4  1®  the 

displacement  of  the  mass  due  to  gravity.  For  other  structures  (see  the 
Illustrations),  ||t  is  the  maximum  deflection. 


The  relationship  between  natural  frequency  anl  static  deflection  Is 
easily  shown  with  the  single  degree  of  freedom  system.  The  natural 
frequency  Is  given  by  Equation  1.  The  stiffness,  k,  Is  equal  to  a  force, 
W,  divided  by  the  displacement  dy,  caused  by  W  (if  W  Is  the  weight  of  the 
system,  the  displacement  Is  j  flt  -  Equation  2).  Substituting  the 
expression  for  stiffness  (in  terms  of  6^)  Into  Equation  1  yields 
Equation  3,  the  natural  frequency  of  a  single  degree  of  freedom  system  In 
terms  of  Its  static  displacement.  The  first  column  at  the  right  shows 
a  few  simple  structures  which  can  be  represented  as  single  degree  of 
freedom  systems  and  therefore  have  a  natural  frequency  as  described  by 
Equation  3.  All  structures  In  the  first  column  consist  of  a  point  mass 
(with  weight  V  in  pounds)  on  a  weightless  beam  of  length  L  In  Inches, 
area  moment  of  inertia  I  in  inches^,  and  modulus  of  elasticity  E  in 
pounds  per  sqjare  inch. 

The  equations  relating  fundamental  frequency  (lowest  natural  frequency) 
to  static  deflection  are  given  In  the  second  and  third  columns  for 
several  other  types  of  structures;  these  structures  consist  of  uniform 
loads,  w  (lbs/ In),  or  several  point  loads,  W]_,  W2,  etc.,  on  massless 
beams.  The  static  deflections  far  these  systems  are  the  maximum  at-rest 
deflections  when  the  structures  are  horizontal,  as  shown.  The  funda¬ 
mental  modes,  far  a  given  static  deflection,  are  hither  In  frequency  for 
a  multiple  mass  system  than  for  the  single  degree  of  freedom  system.  In 
the  single  degree  of  freedom  system,  all  the  mass  vibrates  at  the  maxi¬ 
mum  amplitude  of  the  system.  In  multiple-mass  systems,  only  the  mass  at 
the  polut  of  maxlmvmi  deflection  for  the  fundamental  mode  vibrates  at  the 
maximum  amplitude  of  the  system.  All  other  masses  are  vibrating  at  some 
amplitude  less  than  the  maximum.  This  can  be  viewed  as  introducing  am 
"equivalent  mass"  concept  which  is  less  than  the  physical  mass  of  the 
system.  (This  may  also  be  shown  rigorously  by  using  energy  methods.) 

This  "equivalent  mass"  is  the  value  of  m  which  causes  Equation  1  to 
yield  the  correct  frequency  for  a  multiple -mass  system  (k  is  still 
expressed  by  Equation  2).  The  lower  value  for  "equivalent  mass"  results 
In  a  higher  natural  frequency  anrl  this  accounts  for  the  constant  in 
Equations  4  and  5  being  larger  than  3.13. 


Illustrative  Example:  Find  the  natural  frequency  of  a  cantilevered  bean 
with  the  weight  concentrated  at  the  tip  (the  second  figure  in  Column  l). 
W  ■  3  pounds,  L  *  20  inches,  E  ■  10 x  1CP  psi,  I  =  .06  in'* 


&  8t 


3  ( 2 ^ 0.01  inch; 

3(10')  (.06) 


fn 


■  31.3  cps 
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STATIC  DEFLECTION:  The  fundamental  frequency  is  equal  to  a  constant 
divided  by  the  square  root  of  the  static  deflection. 
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Section  5  -  Estimating  and  Calculating  Natural  Frequency 


DEnBMXHUK}  NATURAL  FREQUENCY  ANALYTICALLY 


8everal  mathematical  methods  are  available  for  determining  natural  frequency  from  the 
analytical  model. 


Dm  following  approximate  methods  are  ccnmonly  used  In  calculating  fre¬ 
quencies  and  mode  shapes. 

Rayleigh  Method:  This  method  Is  based  on  the  conservation  of  energy 
concept.  In  a  system  vibrating  with  simple  harmonic  motion,  the  potential 
energy  (stored  In  the  spring  at  maxi  man  deflection)  Is  equal  to  the  kin¬ 
etic  energy  (function  of  velocity  as  the  mass  passes  the  equilibrium 
position).  Since  the  deflection  characteristics  of  the  system  are  neces¬ 
sary  far  determination  of  these  energies,  the  method  Involves  assumption 
of  the  normal  deflection  curve,  The  static  deflection  curve  usually 
results  In  a  fairly  accurate  frequency  value.  If  greater  accuracy  is 
necessary,  the  curve  may  be  repeatedly  Improved. 

For  a  beam  of  length,  1,  m  mass/unit  1,  the  potential  energy  U  and  kin¬ 
etic  energy  T  reduce  to  the  form  In  Equation  1.  Equating  energies  and 
solving  for  frequency  yields  Equation  2.  This  method  calculates  only 
the  fundamental  (first)  frequency. 

Rayleigh  -  Rltz  Method;  The  Rayleigh  method  effectively  increases  the 
stiffness  of  the  system  through  the  difference  in  the  actual  mode  shape 
and  that  aasiasd.  The  Rltr  extension  of  the  Rayleigh  method  represents 
the  deflection  as  a  function  of  several  variables  in  the  farm  of  a  series. 
(See  Equation  3.)  The  magnitude  of  Aj  chosen  to  reduce  v  to  a  minimum. 
(See  Equation  k.)  Manipulation  of  equations  yields  a  set  of  linear  homo¬ 
geneous  equations  In  Ai  (one  equation  far  each  A*  used  In  the  series.  For 
a  nontrivial  solution  to  exist,  the  determinant  must  equal  zero.  The 
resulting  characteristic  equation  Is  then  solved  to  determine  the  fre¬ 
quencies  and  modes. 

Holier  Method;  This  method  Is  trandltlooally  used  for  torsional  vibra- 
tior* ,  A  frequency  Is  assumed  and  the  deflection  calculated.  When  the 
calculated  deflection  curve  satisfies  the  boundary  conditions,  the 
assumed  frequency  Is  the  natural  frequency  and  the  deflection  is  the  mode 
shape. 

Hykelstad  Method;  This  Is  similar  to  the  Holzer  analysis  in  that  the 
frequency  is  assumed  and  the  deflection  Is  calculated.  It  is  better 
adapted  to  bending  problems  than  the  Holzer  method.  As  with  the  Holzer 
Method,  higher  frequencies  (above  fundamental)  may  be  determined. 

Eigenvalue  Solution;  Manipulation  of  the  system  equations  of  motion 
expressed  in  matrix  form  leads  to  Equations  5  and  6,  which  Is  the  the 
classlfical  eigenvalue  problem,  l/v2  values  are  called  eigenvalues  and 
the  relationships  among  the  amplitudes  are  called  eigenfunctions.  The 
nontrivial  solution  exists  If  the  determinant  of  the  d  coefficients, 

1  0>]  -[M]  [  1*  equal  to  zero.  Expansion  of  the  determinant  leads  to 
a  higher  degree  polynomial  in  A  called  the  frequency  equation.  Solution 
of  this  equation  for  Its  roots  yields  the  frequency  values  and  the  cor¬ 
responding  mode  shapes  are  computed  by  substitution  of  X  values  into 
Equation  (6)  and  computing  any  column  of  the  adjoint  of  the  resulting 
matrix.  This  coition  Is  proportional  to  the  mode  shape. 

See  Reference  5  in  the  Appendix  on  page  2.6-0  for  more  information. 
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Influence  Coefficients:  The  stiffness  or  flexibility  information  about 
the  structure  necessary  for  formulation  of  the  (D)  matrix  may  be  deter¬ 
mined  as  influence  coefficients.  An  influence  coefficient  is  simply  a 
deflection  at  one  point  due  to  a  load  at  another  point.  Example,  consider 
a  beam  on  which  four  points  are  marked.  The  influence  coefficients  are 
generated  by  calculating  the  deflection  at  each  of  the  points  due  to  a 
unit  load  applied  successively  at  each  point;  i.e.  iji  ■  deflection  at 
point  i  due  to  a  load  at  J.  Apply  the  load  at  point  4  and  calculate 
il4>  &2k>  434»  and  Then  move  the  load  to  point  3  and  calculate 

il3>  523,'  433>  611(1  continue  until  the  load  has  ocen  applied  to  each 
point.  Only  half  of  the  deflections  need  be  calculated  since  Maxwell's 
Reciprocal  theorem  which  holds  for  any  elastic  structure  states  that 
4iJ  *  4Ji* 


) 


ANALYTICAL  METHODS:  There  are  several  effective  methods  for  calculating 
fundamental  frequency. 
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Sectlor  5  -  Estimating  and  Calculating  Neutral  Frequency 
USDIG  ELECTRICAL  ANALOGIES  TO  STUDY  NATURAL  FREQUENCY 


lb*  equations  of  notion  of  an  elastic  structural  system  can  be  duplicated  by  analogy 
with  an  electrical  system. _ 


Two  types  of  analog  systems  are  presented  In  this  section:  the  direct  and 
the  Indirect  computers. 

The  direct  analog  computer  is  an  electrical  network  consisting  of  resis¬ 
tors,  capacitors  and  inductors.  The  equations  of  the  electrical  system 
are  analogous  to  the  equations  far  the  mechanical  system.  The  equation 
of  motion  for  the  single  degree-of -freedom  system  is  of  the  same  farm  as 
the  equation  of  a  simple  R-C-L  circuit.  The  applied  farce,  F(t),  is 
analogous  to  the  applied  voltage,  E(t).  The  displacement,  x,  (and  Its 
time  derivatives)  Is  analogous  to  charge,  q,  (and  its  time  derivatives). 
Inductance,  resistance,  and  the  inverse  of  capacitance  are  analogous  to 
mss,  viscous  damping,  and  stiffness,  respectively.  In  a  similar  manner, 
analogous  electrical  system  can  be  made  for  multiple  degrees -of -freedom 
systems. 

The  Indirect  analog  computer  farms  the  equations  of  motion  by  using  an 
electrical  system  which  performs  integration,  multiplication  and  summing. 
The  heart  of  the  system  is  the  operational  amplifier.  The  illustration 
at  right  shows  Integrating  amplifiers,  a  multiplying  amplifier,  and 
potentiometers  combined  to  farm  the  equation  of  motion  for  a  single 
degree-of -freedom  system.  A  characteristic  of  the  amplifiers  shown  here 
Is  that  the  sign  (♦  or  -)  of  the  output  is  the  opposite  of  the  sign  of 
the  Input.  The  multiplying  amplifier  Is  used  here  only  as  a  device  far 
changing  a  negative  value  to  a  positive  value. 

The  equation  of  motion  Is  rearranged  to  solve  for  x,  the  acceleration. 

The  quantities  on  the  right  band  side  of  the  equation  are  sunned  at  point 
(l)  to  form  x.  x  goes  Into  the  first  Integrating  amplifer  point  (2)  and 
the  output  Is  -x.  -x  Is  fed  back  to  point  (l)  through  a  potentiometer 
used  to  set  the  coefficient  c/m;  this  supplies  the  quantity  (-c/m)  x  to 
point  (l).  -x  Is  also  fed  Into  the  second  Integrating  amplifier  point  (3) 
to  yield  the  output,  x.  -x  la  obtained  by  using  a  multiplying  amplifier. 
The  quantity  (-k/m)  x  is  fed  back  to  point  (l)  by  putting  -x  through  s 
potentiometer  used  to  set  the  coefficient  k/m.  This  completes  the  sys¬ 
tem.  The  quantities  shown  are  voltages  proportional  to  the  values  In  the 
mechanical  system.  Amplitude  and  time-scaling  considerations  for  this 
type  of  analog  computer  Is  beyond  the  scope  of  this  section;  the  reader 
Is  referred  to  the  literature  far  more  detailed  descriptions  of  analog 
computers. 

For  more  Information  see  References  5,  9,  and  10  in  the  Appendix  on 
page  2.6-0. 
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INDIRECT  ANALOG  COMPUTER 
nt)/m  ^ 


Integrating  Amplifier 
y Multiplying 
/  Amplifier 


ANALOG  COMH7TERS:  Electrical  systems  are  used  to  simulate  the  mechanical 
equations  of  motion. 
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DIGITAL  CGNPUm  TECHNIQUES 


Dm  digital  computer  rapidly  handles  laborious  calculations  and  allows  the  use  of 
co^lex  oar  lengthy  analysis  procedures. _ 


The  digital  computer  Is  capable  of  handling  vast  amounts  of  data  and  per¬ 
forming  calculations  so  rapidly  that  It  la  now  possible  to  employ  solutions 
which  were  previously  too  lengthy  to  be  practical.  The  high-speed  com¬ 
puter  has  placed  new  emphasis  on  msserlcal  methods  of  problem  solution. 
Methods  utilising  matrix  techniques  are  particularly  well  adapted  to  com¬ 
puter  solutions. 

Computing  methods  may  be  classified  as  either  direct  or  iterative.  A 
direct  method  gives  a  solution  after  a  finite  manber  of  steps  whereas  an 
answer  Is  obtained  from  an  Iterative  method  as  a  limit  of  an  infinite 
masher  of  successive  approximations.  Iterative  methods  are  useful  In 
solving  a  variety  of  problems  even  when  specific  techniques  are  available 
but  are  awkward  to  use;  l.e.  solving  far  roots  of  a  polynomial,  solving 
systems  of  equations,  etc. 

The  eigenvalue  problem  may  be  solved  by  e  matrix  Iteration  procedure 
applied  to  the  equation  (l).  Select  any  values  for  the  (q)  column  matrix, 
premultiply  by  [d]  ,  normalise  the  resulting  matrix  j  qj  ,  the  normalizing 
factor  la  the  first  approximation  of  1  .  Normalizing  is  accomplished  by 

w^ 

dividing  each  element  of  |q|  by  the  value  of  the  largest  element.  |q| 

Is  then  taken  as  the  trial  colimm  and  the  procedure  repeated  to  obtain 
|q|2  and  so  on  until  the  normalizing  factor  and  resulting  |q|  converge  to 
same  value.  The  values  thus  obtained  are  the  fundamental  frequency  and 
Its  assolcated  normalized  mode  shape.  Certain  constraints  are  then  placed 
on  the  [D]  matrix  and  the  iterative  process  is  repeated  until  convergence 
on  the  second  node  Is  obtained.  In  this  manner  successively  higher  modes 
are  calculated.  This  procedure  Is  much  too  lengthy  (for  even  a  simple 
problem)  to  be  accomplished  by  hand  with  a  desk  calculator  but  takes  only 
seconds  to  accomplish  with  a  digital  computer. 


Equation  1:  [d]  { q  }  ■  1 } 

w 


S 
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DIGITAL  COMRJTiRS:  Illustrated  Is  a  simplified  block  diagram  of  an 
electronic  digital  computer.  Square  boxes  represent  parts  of  the  machine 
itself,  while  circles  represents  material  upon  which  the  machine  performs 
a  function. 
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SYMBOLOGY 


Am 

a 

C 

Cc 

d 

F 

f 

f 

n 

f» 

g 

h 

I 

K 

k 


m 

N 


n 


Q 


S 

TT 


v 


Shock  response  factor 
Acceleration 

Coefficient  of  viscous  damping 
Critical  damping  coefficient 
Displacement 
Force 

Forcing  frequency 
Damped  natural  frequency 
Undamped  natural  frequency 
Acceleration  of  gravity 
Drop  height 
Rotary  inertia 
Sinusoidal  sweep  rate 
Stiffness 
Mass 

Number  of  stress  cycles  to  failure 
Number  of  applied  stress  cycles 
Transmisslbility  at  resonance 
Stress 
Torque 

Displacement  transmisslbility 
Force  transmisslbility 
Velocity 

Response  acceleration 
Angular  acceleration 
Static  deflection 
Angular  displacement 
Shock  pulse  duration 
Deunping  ration  =  C/Cc 


2.6-1 


VOLUME  III  -  CHAPTER  2 
Section  6  -  Appendix 


GLOSSARY 


Attenuation  -  The  dissipation  of  energy  with  time  or  distance;  damping. 

C*£l£  -  The  complete  sequence  of  values  of  a  periodic  quantity  that  occur 
during  a  period. 

Degrees -of -Freedom  -  The  number  of  degrees-of-freedom  of  a  mechanical 
system  la  equal  to  the  minimum  number  of  independent  coordinates 
required  to  define  completely  the  positions  of  all  parts  of  the 
system  at  any  instant  of  time. 

Frequency  -  The  number  of  tires  that  a  periodic  function  repeats  the  same 
sequence  of  values  during  a  unit  variation  of  time  The  unit  is  the 
cycle  per  second  which  equals  one  Hertz  (Hz). 

Mode  of  Vibration  -  In  a  system  undergoing  vibration,  a  mode  of  vibration 
is  a  characteristic  pattern  assumed  by  the  system  in  which  the  motion 
of  every  particle  is  simple  harmonic  with  the  same  frequency.  Two  or 
more  modes  may  exist  concurrently  In  a  multiple  degrees-of-freedom 
system. 

Response  -  The  motion  (o\  other  output)  of  a  system  or  device  resulting 
from  an  excitation. 

Shock  -  Nonperiodic  excitation  (e.g.,  a  motion  of  the  foundation  or  an 
applied  force)  of  a  mechanical  system  that  is  characterized  by 
suddeness  and  severity,  and  visually  causes  significant  relative 
displacements  is  the  system. 

Stiffness  -  The  ratio  of  change  of  Force  (or  torque)  to  the  corresponding 
change  in  translational  (or  rotational)  deflection  of  an  elastic 
element. 

Stress  -  Internal  force  exerted  by  either  of  two  adjacent  parts  of  a  body 
upon  the  other  across  an  imagined  plane  of  separation. 

Transmisalblllty  -  Non  dimensional  ratio  of  the  response  amplitude  of  a 
system  in  steady-state  forced  vibration  to  the  excitation  amplitude. 
The  ratio  may  be  one  of  forces,  displacements,  velocities,  or 
accelerations. 
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EXAMPLES  ON  SWEEP  RATF  OF  '/I  BRA  TORY  FTIEQUENCY 

Example  A: 

How  ra ny  octaves  ’ire  between  1C  Hz  and  2GC  Hz? 
Solution: 


*  lr. 

r 

*0 


f 

0 


Kt 


LOO 

1C 

.  Kt 

c  L  -  c- 

‘♦.32  octaves 


Example  B: 


What  is  the  sweep  rate  11’  the  frequency  changes  from  5  Hz  to  500  Hz 
(exponentially  ir.  7 .5  minutes? 


Solution: 


o 

Kt  =  6.61  octaves 

t  =  7.5  min 

K  =  -  C.985  octaves/mln 

I 


Example  C: 

Jn  example  B,  what  is  the  frequency  after  5  minutes  of  sweep? 
Solution: 


fin  =  (5)2Kt 


=  (5)2 


( 0.885  )(5) 


=  (5) 


1.125 


5(21.5)  =  107.5  Hz 
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EXAMPLES  ON  NATURAL  FREQUENCY  AND  FATIGUE 


Derivation  of  the  equation  which  relates  natural  frequency  and  fatigue 
damage.  (See  Chapter  2,  page  2.2-6.) 


Stress  .  ii  .  S 

A  1 


d  = 


Qa 


in 


(2irfnr 


(2efn) 


kQa 


S  = 


in 


A(2irf  ) 
n 


_  n 
D=  N 


n  =  t  f 


NS“  =  C 


n  =  4 


t  f  s'- 
n 


C  7  {lxfT)da 


Let  K  =  k/A*,  and  Q,  C  and  a  remain  constant  (same  material) 
s 


(1) 

(2) 

(3) 

(M 

(5) 

(6) 

(7) 


*KS  =  geometric  structural  characteristic  relating  stress  to  response 
displacement,  d.  For  this  model,  Ks  =  (k/A)(psi/in. ). 
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KXAKPIJB  fflOVUO  m  RHATIOIfSHIP  BTIVIBI  FATIGUE  LITE  AID  IA1URAL  fMSDF  CI 


Is  Increase  the  area,  A.  The  natural  frequency  of  the  nodel  shown 
la  increased  by  a  factor  of  R.  Thla  increaae  la  accoapllahed  by  lncreaalnf 
the  area.  Bov  does  this  affect  the  fatigue  daaage,  If  nothing  else  la 
changed? 

Since  tjg  •  R  fni»  then  kg  -  R2*!  and  therefore  Ag  -  r2Ai  (Equations  k 
and  5). 


(froa  Eiuatlon  2) 


Conclusion: 


tie  area,  A. 


For  this  example,  fatigue  daaage  Is  reduced  by  Increasing 


2  uaple  2;  Decrease  the  length,  1.  fn  Is  Increased  by  a  factor  R;  this 
Is  accomplished  by  decreasing  1.  What  Is  the  effect  on  the  fatigue 
daaage  If  nothing  else  Is  changed? 

Since  fn2  =  R  fni  »  R2k1#  A  Is  unchanged.  (Equations  4  and  5) 


R201 

D2  =  Dl  “SET  =  D1R  (from  Equation  9) 


Conclusion:  For  this  example,  fatigue  daaage  Is  Increased  by  reducing 
the  length,  1. 

Sample  3;  Decrease  the  mass,  m.  fQ  Is  Increased  by  a  factor  R;  this  Is 
accoa  lphed  by  decreasing  the  mass,  m. 

Since  fn2  =  R  fnl»  therefore  m2  =  (m^J/R2).  Kg  Is  unchanged. 


Conclusion:  For  this  example,  fatigue  damage  Is  reduced  by  reducing  the 
mass,  m. 

Example  4:  For  the  model  shown  (top  of  following  page)  the  natural 
frequency  (fn)  Is  Increased  by  Increasing  the  cross-sectional  area  (A)  by 
a  factor  of  1.5.  What  Is  the  fatigue  damage  (D)  If  the  Input  levels  and 
test  time  remain  constant?  Assume  a  =  6.5. 
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Whereby,  using  Equation  2 


Therefore,  in  this  example,  increasing  the  natural  frequency  (by  increas¬ 
ing  the  area  by  a  factor  of  1.5)  reduces  the  fatiaue  bv  a  factor 

of  0.0677.  ~  " 

Example  5:  For  the  above  example  what  is  the  fatigue  damage  if  the  input 
acceleration  is  changed  from  1.3  g  to  2.5  g  and  the  test  time  is  reduced 
from  3  hours  to  2  hours.  Using  Equation  1,  * 


From  the  results  of  Example  4  D_  =  0. 0077  D. .  Therefore,  D.  = 
46.7  (0.0677  Dj )  =  4.1  Dj  .  £  1  3 


*  Note:  All  equation  numbers  refer  to  the  equations  listed  on  page  2.2-7. 
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BWRI  OR  IATURAL  FRB9JVCr  A®  DROP  8B0CK 

Illuatratlra  Pamlt  i  Dstarnlna  for  the  com  of  the  alnpla  nodal  above 
below  the  allowable-- rang*  of  soring  constant  (k)  to  protact  the  equip* 
nant  apilnat  a  IS  inch  drop,  if  tha  lntarlor  ^p  is  not  t c,  closa  by 
■ora  than  2  lncbas  and  tha  nsxlnua  accalaratlon  is  not  to  axe  and  20g's. 

Tha  weight  of  tha  spring  boss  Is  aastaad  to  ba  10  pounds. 
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BCAMPLi  or  wncm  or  joxrtb  or  haiural  noquvcr 


Illustrative  Kxaaple:  A  cantilever  beaa  4  inches  In  disaster  end 
16  Inches  lone  Is  attached  to  It's  foundation  with  heavy  bolts. 

Vhat  Is  the  Joint  rotation  constant?  What  Is  the  bending  stiffness  (k) 
at  the  end  of  the  beaa  if  the  beaa  Itself  is  considered  rigid.  Assum 
the  Joint  to  be  excellent. 


4  In. 


Solution:  Frost  the  curves  the  potatlonal  constant  equals  1O"0  radians/ 
in. -lb  for  an  excellent  Joint  with  a  4  inch  disaster  beaa. 


6  '  M(10"8)  «  16P  (10“8)  Radians 

d  -  160  -  256P  x  10"8  Inches 


and  uince 


-  •  I 


256P  x  10' 


3.9  x  10°  lbs/inch 
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Frequency, 
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(For  Acceleration)  (For  Velocity) 

Maxima 

Displacement 

Single 

Amplitude  In. 


Maximum  Maximum 

Acceleration  Velocity 
In. /Sec 


■oBOgraa  for  simple  harmonic  motion  giving  relationship  between  frequency, 
acceleration,  and  displacement.  Typical  problems  are  shown  by  the  dashed 
lines.  For  example  motion  with  a  maxima  displacement  of  0.2  in.  (0.4  in. 
peak- to- peak)  at  a  frequency  of  16  Bz.  has  a  msxlmum  velocity  of  20  In./ 
seconds  and  a  maximum  acceleration  of  5.2  g's. 

Slide  rule  type  calculations  are  available  to  perform  the  same  function 
as  the  nomograph  above.  Examples  are  the  Ling  Calculator  by  Ling  Elec¬ 
tronics  of  Anaheim,  California,  and  The  Lord  Calculator  by  Lord 
Manufacturing  Co.  of  Erie,  Pennsylvania. 
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TIME  HISTORY  OF  TRANSIENT  ACCELERATION,  »(t) 
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VIBRATION  FREQUENCY  CHARTS 

lhe  following  charts,  figures,  and  nomographs  present  a  method  for 
estimating  the  natural  frequency  parameter  for  a  variety  of  beams,  plates, 
rings,  membranes,  and  other  common  structural  configurations.  This  ma¬ 
terial  was  organized  by  J.N.  Macduff  and  R.P.  Felgar  for  a  paper  presented 
at  the  ASME  Annual  Meeting,  November,  1956,  which  was  also  reprinted  in 
Machine  Design,  February,  1957. 

Hie  data  for  the  tables  was  edited  from  available  references  by  Mr.  Macduff 
and  Mr.  Felgar,  and  has  since  become  a  standard  among  stress  analysts  as  a 
quick  procedure  for  estimating  natural  frequency  of  uniform  and  non-uniform 
beams  and  plates.  This  Information  is  presented  here  in  edited  form. 

METHOD  OF  SOLUTIONS  Hie  method  is  based  on  the  use  of  a  frequency  constant 
defined  as  follows  for  the  different  types  of  structural  elements: 

Beams  C  =  fL2/k 

Square  and  rectangular  plates  C  =  fa2/h 

Circular  plates  C  =  fr2/h 

Symbols  are  defined  for  each  case  in  Tables  1  to  10,  appearing  on  the 

following  pages,  which  give  values  of  frequency  constant  C,  or  correspond¬ 
ing  frequency  function,  for  various  mechanical  struct. ires  and  several  modes 
of  vibration.  Hiese  tabulated  values  of  C  are  based  on  the  characteristic 
density  and  Young's  modulus  for  steel. 

The  nomograph  in  Fig.  1  may  be  used  with  the  proper  frequency  constant  C 
and  the  characteristic  dimensions  to  determine  natural  frequency  directly. 
Nomographs  in  Figs.  2  and  3  present  an  alternate  method  for  determining 
the  natural  frequency  by  first  determining  the  value  of  L2/k,  a^/h  or 
r2/h  from  the  nomograph  in  Fig.  2  and  then  entering  the  nomograph  in 
Fig.  3  with  this  item  and  the  frequency  constant.  Figs.  1  to  3  are  to  be 
used  with  Tables  1  to  8  in  which  the  values  of  the  frequency  constants 
are  tabulated. 

For  materials  other  than  steel,  the  material  correction  factor  is  obtained 
from  the  table  in  Fig.  4.  i/ith  this  factor,  and  the  natural  frequency, 
fa,  of  a  steel  member  oi  tne  same  dimensions,  the  nomograph  in  Fig.  4  may 
then  be  used  to  determine  the  natural  frequency. 

Some  of  the  less  common  mechanical  structural  members,  such  aB  membranes, 
have  a  frequency  relation  which  is  not  defined  by  the  foregoing  nomo¬ 
graphs.  In  such  cases,  numerical  or  3lide  rule  calculation  is  necessary. 
The  frequency  constants  for  these  members  are  given  in  Tables  9  and  10. 

EXAMPLE:  Determine  the  fundamental  natural  frequency  of  a  circular 
titanium  plate,  fixed  at  the  center.  Plate  material  is  T1-75A  titanium; 
plate  radius,  r  -  3  in.;  plate  thickness,  h  =  0.090-in.;  and  estimated 
temperature  of  operation  1b  400°F. 

From  Table  7,  c/ich  =  3.649.  From  Fig.  1  then,  the  natural  frequency  of 
a  steel  plate  of  the  same  dimensions  is  fs  =  370  Hz  . 

This  result  is  also  arrived  at  by  the  alternate  procedure,  Figs.  2  and  3. 
From  Fig.  2,  for  r  =  3  and  h  =  0.09,  r^/h  =  100,  and  from  Fig.  3,  for  a 
steel  plate  of  the  same  dimensions,  fs  =  370  Hz. 

Since  plate  material  is  titanium,  final  solution  will  be  given  by  Fig.  4. 
From  the  table  in  Fig.  4,  material  correction  factor  for  T1-75A  titanium 
at  400°F  is  Km  =  0.910.  From  the  nomograph  then,  for  this  value  of 
and  t  ■  370  Hz,  frequency  of  the  titanium  plate  is  f  ■  325-350  Hz. 
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FIGURE  1:  Nomograph  for  determination  of  natural  frequency  (fs),  from 
frequency  constant  (C),  in  Tables  1  to  8. 


2.6-13 


VOLUME  III  -  CHAPTER  2 
Section  6  -  Appendix 


VIBRATION  FREQUENCY  CHARTS  ( Continued) 


Radius  of  Gyration,  Beam  or  Span  Length,  Dimension  Factor, 

k  (in.)  L  (in.)  LL/k,  a^/h,  r2/h 

Plate  Thic.mess,  Plate  Side,  (in. ) 

h  (in.)  Plate  Radius,  r  in.) 


FIGURE  2:  Nomograph  for  determination  of  dimension  factors,  LL/k,  a2/h 
and  r^h  in  frequency  constant  equations  of  Tables  1  to  8. 
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FI3URE  3:  Nomograph  for  alternate  solution  of  natural  frequency  (fs) 
from  frequency  constant  (C)  and  dimension  factor  determined  from  Figure  2 
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-4-1000 


0.5  T 

Material  Correction 

Correction 

Factor,  K 
m 

MATERIAL  CORRECTION  FACTOR 

E  =  Young's  modulus  for  material,  psi 
Es  =  Young's  modulus  for  steel, 

(30  x  106)  psi 

e  =  Mass  densitv  of  material, 
lb-sec2/in.^ 

es  =  Mass  density  of  steel  (735  x  ic£), 

lb-sec^/in.1*  K  -  tl  v 

Km  =  Material  correction  factor  m  ~  \eE 

Steel  1 

Aluminum  alloys  (1100,  3003,  3004, 

2017,  2024,  2025,  6051,  5062)  0.935 

Brass,  bronze  0.673 

Nickel  0.940 

Monel  Metal  0.872 

Magnesium  0.965 

Titanium  (listed  below) 


Natural 
Frequency 
of  Steel 
Members, 
f  (cps) 


Natural 
Frequency 
of  Nonsteel 
Members, 
f  (cps) 


Tempera¬ 
ture  (F) 


T1-5QA 

0.985 

0.966 

0.932 

0.896 

0.866 

0.828 


T1-75A 

C.  975 
0.945 
0.910 
0.873 
0.835 
0.784 


FIGURE  4:  Correction  table  and  nomograph  for  determination  of  correction 
factor  (Kjr,)  and  natural  frequency  (fs)  for  nonsteel  structures. 
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Mechanical  Impedance  relate*  farce  and  velocity  in  a  Banner  which  com¬ 
pletely  describe*  the  characteristic*  of  a  dynamic  system.  Procedure* 
are  outlined  in  this  chapter  for  applying  the  mechanical  impedance 
methodology  to  practical  problem* .  In  support  of  this  thesis,  the  ter¬ 
minology  and  symbology  of  the  Impedance  technique  are  presented  in  the 
of  the  Mechanical  taglneer. 
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otto*.  1  -  Introduction 


Mechanical  impedance  relates  a  sinusoidal  fore*  applied  to  a  point  on  a  structure  to 
the  velocity  of  a  point  on  that  structure. _ 


Saw*  Prvliaiaary  Considerations 

A  sinusoidal  function  can  be  represented  by  a  rotating  phasor  on  the 
casplex  plans.  This  is  very  i- 1»  mljr  used  in  electrical  engineering. 

For  instance  consider  tbe  voltage  v  »  V  cosut.  The  graphical  description 
of  this  is  as  shown  in  Figure  1.  Alternatively  this  nay  be  expressed 
■ath— tically  as  V  *  V  coswt  *  JV  sink*  which  on  the  coupler  plane  re¬ 
presents  a  rotating  phasor  with  Magnitude  (▼)  rotating  at  a  constant 
angular  velocity  of  (u>)  in  the  counter-clockwise  direction  as  shown  in 
Figure  2.  The  instantaneous  voltage  la  tha  projection  of  the  rotating 
phasor  on  the  real  axis  (7  coaut).  Bote  also  that  the  angular  position 
is  given  by  (wt). 


Figure  2 
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The  differential  equations  of  vibratory  notion  are  analogous  to  the 
differential  equations  of  linear,  bilateral  electric  circuits.  Just  as 
there  are  phase  relationships  between  electrical  quantities,  such  as 
voltage  and  current,  there  are  phase  relationships  (angle  or  tine  lag 
between  phasors)  of  mechanical  quantities  such  as  force,  velocity, 
and  acceleration. 

For  example,  assuming  the  forcing  function  (F)  to  be  e,ua.  „o  F0  cosurt  ♦ 
j  F0  sinwt,  there  results  the  general  form  for  the  velocity  (V)  which  is 

V  -  VQ  [cos  (wt  ±  <t>  )  +  jsin(wt  ±  6  )]  =  V  e“  ±  °  ^ 

where  (4>)  is  the  angular  displacement  oi  phase  difference  between  (F) 
and  (I/). 

The  displacement  distance  (x)  may  be  expressed  in  the  form  x  =  (|/)/(ju>) 
when  {V)  is  of  the  form  J/0  and  it  is  noted  that  x  =  !l> dt.  Since 

acceleration  is  (dl/)/(dt)  the  phasor  form  becomes  a  =  J <*>V.  Figure  3 
shows  a  typical  phasor  diagram  relating  forcing  function,  displacement, 
velocity,  and  acceleration.  An  example  employing  rotating  phasor 
techniques  is  given  in  the  Appendix  on  page  3.5-4. 


Imaginary  Axis  (♦) 


Real  Axis 


(♦) 


What  is  Mechanical  Impedance? 

Mechanical  impedance  is  the  ratio  of  force  to  velocity  during  simple 
harmonic  motion.  This  ratio  is  a  complex  quantity;  it  is  expressed 
as  a  function  of  frequency  in  terms  of  both  magnitude  and  phase  angle 
(Equation  1).  When  the  force  and  velocity  are  in  the  same  point  and 
in  the  same  direction,  Z  is  the  point  impedance.  Z  is  transfer  imped¬ 
ance  when  F  and  V  are  at  different  points  or  in  different  directions. 
The  discussions  in  this  chapter  will  be  limited  to  point  impedance. 
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THE  MECHANICAL  IMPEDANCE  CONCEPT  (Continued) 


Mechanical  admittance  (mobility)  Is  a  similar  relationship,  but  is  the 
complex  ratio  of  velocity  to  force  (Equation  2).  Some  problems  lend 
themselves  more  readily  to  the  admittance  concept  than  to  impedance, 
and  vice  versa.  This  chapter  presents  the  impedance  concept,  but  it 
should  be  kept  In  mind  that  the  generalities  also  apply  to  admittance. 

Z(w)  =  I  (cos*  ♦  J  sin<J>)  =  |  (1) 

Y(w)  =  £eJ*  (2) 

Note  must  be  taken  of  the  fact  that  as  defined  here,  impedance  is  taken 
as  the  'velocity'  impedance.  There  also  exists  concepts  of  displacement 
and  acceleration  impedances,  although  these  are  less  widely  used. 
Further  discussion  along  these  lines  appears  later  in  the  text. 

Impedance  of  Physical  Elements 


Ideally  mechanical  elements  are  represented  by  lumped  parameters  which 
are  linear.  These  are  mass,  spring  constant,  and  damping  constant. 

Consider  the  removal  of  a  spring  from  a  system  as  in  Figure  k.  The 
forces  (Fp)  and  (Fq)  acting  at  the  ends  of  the  spring  must  be  equal  in 
magnitude  since  the  mass  of  the  spring  is  considered  zero.  The  net 
change  in  spring  length  is  given  by  doc  which  equals  X2  -  xi.  Note  that 
the  end  points  have  relative  displacements  with  respect  to  seme  arbitary 
point  in  space.  The  constant  of  proportionality  relating  the  net  change 
in  spring  length  to  the  applied  force  is  given  by 


where  (k)  is  the  spring  constant.  Fixing  point  (Q)  and  applying  a  force 
Fp  =  F  eJwt  results  in 


x. 

F  eJ<Jt  Jwt 

=  t  =  x  e 
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k 

Using 

z>) 
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=  from  Equation  (1)  with 
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This  is  the  mechanical  impedance  of  a  spring. 
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Figure  4. 
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Consider  the  removal  of  a  damping  element  from  a  system  as  in  Figure  5 
and  assume  the  damping  to  result  from  viscous  friction  (dashpot).  The 
end  points  have  relative  velocities  with  respect  to  the  arbitrary  fixed 
point  in  the  system  and  the  dashpot  is  massless.  The  constant  of  pro¬ 
portionately  relates  the  velocity  {v)  and  the  force  (F)  as  follows 

where  c  is  called  the  damping  constant.  Points  (P)  and  (,})  may  move 
relative  to  a  fixed  point  in  the  system,  or  one  point  could  be  fixed. 
Consider  point  (Q)  fixed  and  apply 


Fp  =  F  ec 


This  results  in 


Using  Equation  1  there  results 


z>)  -  v  - 


Thus  the  mechanical  impedance  of  a  dashpot  is  simply  (c). 


V  =  _ : 

2  dt 


Figure  5. 
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THE  MECHANICAL  IMPEDANCE  CONCEPT  (Continued) 


Consider  the  removal  of  a  mass  element  from  a  system  as  shown  in  Figure  6. 
Since  the  mass  is  considered  rigid  the  accelerations  (a^)  and  (ag)  are 
equal.  Further,  the  resultant  applied  external  force  is  the  sum  of  (Fp) 
and  (Fq)  which  is  simply  (Fp).  Let  Fp  =  F  eJ4**.  Since  F  =  ma  and  p  -  / adt, 
the  mechanical  impedance  from  Equation  1  is  given  by 


The  impedances  derived  above  may  be  represented  on  a  complex  plane 
similar  to  electric  circuit  impedances  where  the  damping  constant  is 
analogous  to  resistance;  mass  is  analogous  to  inductance;  and  the 
spring  constant  is  analogous  to  capacitance.  The  angle  by  which  the 
displacement  vector  lags  the  forcing  function  is  given  by 

-1  c 

<l>  =  tan  - — 

cum  — 
u 

The  plot  is  shown  in  Figure  7. 
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Figure  7. 
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Mobility  is  merely  the  inverse  of  impedance.  These  are  given  below. 
The  complex  plane  representation  is  shown  in  Figure  8. 
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Systems  and  System  Simplification 


Hie  most  general  case  consists  of  elements  in  series  parallel  arrange¬ 
ments  similar  to  electric  circuit  arrangements.  In  fact,  information 
desired  at  various  points  in  the  'network'  is  obtained  resorting  to 
methods  used  in  electric  circuit  problems.  Included  are  system  simpli¬ 
fication  techniques  combining  series  and  parallel  elements,  the  super¬ 
position  and  reciprocity  theorems,  Thevenin's  and  Norton's  equivalent 
circuits,  and  in  general  any  of  the  techniques  used  for  solving 
electric  circuits.  Reference  (10)  in  the  Appendix  covers  very  adequately 
these  various  techniques  and  theorems.  These  constitute  an  indispen¬ 
sable  aid  in  the  solving  of  more  complex  vibration  problems. 
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Section  2  -  Pour  Pole  Ihrameter  Technique* 


THE  MBCHANICAL  SYSTEM  AS  REPRESENTED  BY  THE  FOUR  POLE  PARAMETER  CONCEPT 


Four  pole  parameters  provide  a  convenient  method  for  studying  elastic  systems  in 
block  diagram  form, _ 


Four  pole  parameters  greatly  facilitate  the  use  of  block  diagrams  in  the 
study  of  linear  structures.  The  term  four  pole  parameter  arises  from 
the  development  of  these  methods  for  electrlcap  applications.  The 
electrical  "black  box"  with  a  single  pair  of  input  poles  .terminals) 
and  a  single  pair  of  output  poles  is  referred  to  as  a  four  pcle  network. 
The  input  and  output  relationships  of  the  analogous  mechanical  system 
are  given  by  Equations  1  and  2.  The  four  pole  parameters  are  the  a's. 

The  figure  shows  a  general  block  diagram  and  notations.  The  relationship 
is  given  in  matrix  form  in  Equation  3.  (See  Appendix  for  a  definition  of 
the  matrix. )  It  can  be  seen  from  dimensional  considerations  that  a,i 
and  <*22  are  dimensionless,  <*12  in  terms  of  F/V  (impedance)  and  argi  is 
in  terms  of  V/F  (admittance). 


Four  Pole  Parameters  for  Mechanical  Elements 


The  basic  elements  of  the  mechanical  system  considered  here  are  the  rigid 
mass,  the  massless  spring  and  the  viscous  damper.  The  derivations  of 
these  parameters,  based  on  the  equations  of  motion,  are  given  in  Refer¬ 
ence  1.  The  derivations  assume  a  linear  system  subjected  to  sinusoidal 
motion  and  utilize  standard  complex  number  notations.  The  table  lists 
the  four  pole  parameters  for  the  mass,  spring,  and  damper.  Graphic 
representation  of  the  elements  is  given  in  the  figure.  Note  that  =  V2 
for  a  mass,  and  F^  =  F^  for  a  spring  or  damper;  m  is  in  mass  units,  k  in 
force  per  unit  length  and  c  in  force  per  unit  velocity. 

These  basic  elements  can  be  coupled  to  form  systems.  The  parameters  for 
any  four  pole  is  independent  of  what  precedes  or  follows  it  and  this 
allows  a  "black  box"  approach  to  the  analysis  of  the  system. 
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Section  2  -  Four  Pole  Parameter  Techniques 

GROUND  PULES  FOR  CONNECTING  MECHANICAL  FOUR  POLES 


Simple  connecting  rules  allow  complex  systems  to  be  represented  by  one  four 
pole  model. _ 


The  general  rules  for  combining  four  pole  parameters  may  be  organized  into 
the  following  categories: 

1.  General: 

a.  The  sum  of  the  output  forces  of  all  the  four  poles  driving 
a  function  is  equal  to  the  sum  of  all  the  input  forces  of 
all  the  four  poles  driven  by  that  junction. 

b.  All  the  four  poles  points  connected  to  a  given  junction  have 
the  same  velocity. 

2.  Series  Connections:  four  poles  connected  in  series  can  be  combined 
to  form  a  composite  four  pole.  The  four  pole  parameters  for  the 
composite  are  given  by  the  matrix  product  of  the  component  four 
pole  parameters  (Equation  l). 

3-  Pare'!1.. el  Connections:  four  poles  connected  in  parallel  can  be 

combined  to  form  a  composite  four  pole.  The  four  pole  parameters 
for  the  composite  are  found  by  using  Equation  2.  Four  poles  are 
said  to  be  connected  in  parallel  when  the  following  conditions  are 
met: 

a.  All  the  input  points  are  connected  to  a  common  junction. 

b.  All  the  output  points  are  connected  to  a  common  junction. 

c.  The  input  force  of  the  composite  fo-r  pole  is  the  sum  of 
input  forces  of  the  component  four  poles . 

d.  The  output  force  of  the  composite  four  pole  is  the  sum 
of  the  output  forces  of  the  component  four  poles. 

An  example  of  the  application  of  the  above  rules  is  given  in  the  Appendix, 
where  the  four  pole  parameters  for  a  single  degree-of-freedom  system  are 
derived.  More  detailed  descriptions  of  four  pole  parameters  are  contained 
in  the  references,  particularly  Reference  (l),  page  3.5-0. 
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Section  3  —  Experimental  Techniques 

cl  MEASURING  AND  PLOTTING  IMPEDANCE 


Force  and  velocity  information  axe  needed  to  plot  the  impedance  characteristics  of 

f»  structure. _ 


The  information  needed  to  define  the  impedance  at  a  point  on  a  structure 
includes  the  ratio  of  the  force  applied  to  that  point  compared  to  the  veloc¬ 
ity  of  the  point,  as  a  function  of  frequency.  In  addition,  the  phase 
angle  between  force  and  velocity  as  a  function  of  frequency  must  be  known. 
Both  F/V  and  the  phase  angle,  * ,  must  be  known  to  completely  designate  the 
iwywlance  at  a  point. 

The  Impeca  •  . 

As  a hour  la  the  graphs  illustrated  in  the  Appendix,  impedance  is  conven¬ 
tionally  plotted  as  log  impedance  versus  log  frequency.  Lines  of  constant 
mass  and  constant  stiffness  are  Included  on  the  same  plot.  The  constant 
mass  lines  increase  with  frequency  at  6  dB/octive  and  the  constant  stiffness 
lines  decrease  with  frequency  at  6  dB/octive.  The  impedance  versus 
frequency  plot  gives  the  impedance  magnitude;  the  phase  versus  frequency 
plot  collates  the  p:  cture  by  presenting  the  phase  angle  relationships. 

The  mathematical  representation  is  given  in  Equation  1. 

For  some  applications,  it  is  store  convenient  to  plot  the  real  and 
imaginary  parts  of  impedance  as  a  function  of  frequency.  In  this  case, 
both  R«,  the  real  part,  an  Xs,  the  imaginary  part,  would  be  plotted  on 
the  graph  (Appendix).  The  real  and  imaginary  parts  are  given  by 
Equations  2  and  3* 

Measuring  Impedance 

The  following  items  are  required  to  determine  mechanical  impedance: 

1.  i  farce  generator 

2.  A  force  transducer 

3.  A  motion  (displacement,  velocity,  or  acceleration)  transducer 

4.  Ac  instrument  far  measuring  phase  angle 

3.  Equipment  for  plotting  the  data  as  a  function  of  frequency 

The  necessary  data  is  conveniently  obtained  by  using  a  camnercially 
available  "impedance  heed"  and  force  generator  (Reference  15).  Basically, 
the  Impedance  head  consists  of  a  highly  sensitive,  combined  force  ana 
accelerometer  transducer.  The  force  generator  consists  of  a  small  permanent 
magnet,  spring-mounter  in  a  case.  The  magnet,  which  serves  as  a  reaction 
mass,  is  driven  by  an  electrical  coll  rigidly  mounted  in  the  case.  The 
force  generator  is  driven  by  a  variable  frequency  signal  generator.  The 
force  generator  is  attached  to  the  impedance  head  which  is  in  turn  attached 
to  the  test  structure.  The  force  and  acceleration  signals  are  put  into 
electronic  equipment  which  integrates  the  acceleration  into  velocity, 
cancels  the  effect  of  the  force  generator  and  impedance  head  mass,  and 
provides  output  signals  of  F/V,  #  and  u>.  This  equipment  is  discussed 
in  Reference  (E). 
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PLOTTING  MECHANICAL  IMPEDANCE:  Force  and  acceleration  transducers  are 
used  to  measure  the  impedance  of  a  structure. 
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Section  3  -  Experimental  Techniques 

MEASURING  FOUR  POLE  PARAMETERS 


Hie  four  pole  parameter  representation  of  a  tystem  Is  determined  when  a  connection 
point  Is  "blocked"  or  "free". _ 


The  mechanical  four  pole  parameters  shown  In  the  adjacent  figure  are 
physically  defined  by  the  following: 
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Reference  (1)  defines  the  relationships  between  impedance  and  four  pole 
parameters  by  Equations  1  through  h.  Hie  subscript  (oc)  refers  to  a 
"blocked"  Junction  and  the  subscript  (sc)  refers  to  a  "free"  Junction. 
Z^oc  is  the  impedance  at  point  1  when  point  2  is  "blocked";  the  other 
impedances  are  similarly  defined.  In  electrical  systems  the  analogy  is, 
(sc)  refers  to  output  short  circuited,  and  (oc)  refers  to  output  open- 
circuited,  (an)  and  (<*22)  are  the  force  and  velocity  transfer  functions, 
(<*12)  Is  impedance  and  (<*21)  is  a  mobility. 


An  example  in  the  determination  of  the  four-pole  parameters  is  given  in 
the  appendix  on  page  3.5-10. 
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THE  MECHANICAL  FOUR  POLE:  The  four  pole  parameters  are  related  to 
mechanical  impedance  by  the  above  equations. 
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IWOWATIOP  COITAINHD  IN  THE  MECHANICAL  IMPEDANCE  PLOT 

The  impedance  plot  contains  phys  cal  information  about  the  system  under  study. 


In  addition  to  defining  mechanical  impedance  as  a  function  of  frequency, 
the  Impedance  plot  contains  physical  Information  about  the  system.  This 

Information  can  Include: 

1.  Static  weight  (mass) 

2.  Stiffness  characteristics 

3.  Damping  properties 

k.  Resonant  frequencies 

5*  Anti-resonant  frequencies. 

Illustrated  is  a  sample  impedance  plot  far  a  single  degree-of- freedom 
system  driven  by  a  farce  (F^)  acting  on  the  amss  (m).  At  low  frequencies 
the  plot  follows  the  constant  stiffness  line  renting  the  spring  con¬ 

stant,  (k).  At  higher  frequencies,  the  effex*  of  the  mass  dominates  and 
the  plot  follows  the  constant  mass  line  representing  the  mass  of  the 
system  (a).  At  the  resonant  frequency,  the  Impedance  goes  to  Its  min¬ 
imum  value  and  the  phase  angle  experiences  a  100*  shift.  The  value  of 
Impedance  at  resonance  Is  the  damping  of  this  sytem,  (c).  Note  that 
the  dimensions  of  both  Impedance  and  damping  are  farce  per  velocity. 

Also  illustrated  in  the  impedance  plot  for  two  free  masses  connected  by 
a  spring  and  damper  in  parallel.  The  system  is  driven  by  the  force  (F. ) 
acting  oi.  mass  (m,).  This  Is  similar  to  a  base-driven  single  degree-or- 
freedom  system  where  (m, )  is  the  mass  of  the  base.  At  low  frequencies 
the  spring  can  be  viewed  as  acting  as  a  rigid  bar  and  thus  the  impedance 
plot  follows  the  constant  mass  line  representing  (m^  +  mg) .  This  sytem 
has  an  anti-resonant  frequency;  at  this  frequency  the  impedance  is  a 
maximum  and  the  phase  goes  through  a  100*  shift.  The  resonant  frequency 
is  characterized  by  the  minimum  impedance  and  a  100°  phase  shift.  At 
high  frequencies  the  effect  of  the  spring  becomes  small  and  the  Impedance 
plot  follows  the  constant  mass  line  representing  the  drive  mass  (n^) . 
Again,  the  impedance  at  resonance  represents  the  inherent  damping 
characteristics  of  the  system. 

Similar  Information  can  be  obtained  from  impedance  plots  of  multiple 
degree  of  freedom  systems.  Resonances  can  be  identified  as  minimum 
Impedance  points  where  the  phase  angle  experiences  a  100°  phase  shift. 

The  Impedance  at  resonance  is  the  damping  of  that  mode  of  vibration. 

The  anti -resonances  are  identified  as  maximum  impedance  points  where  the 
phase  angle  experiences  a  100*  phase  shift.  At  frequencies  where  mass 
dominates  the  impedance,  the  plot  will  approximately  follow  a  constant 
mass  line  and  the  phase  angle  will  be  +90*.  Similarly,  when  a  spring 
dominates,  the  plot  will  approximately  follow  a  constant  stiffness  line 
and  the  phase  angle  will  be  -90*. 

An  illustrative  example  for  a  s ingle-degree- of - freedom  system  is  given  in 
the  Appendix,  page  3.5-12.  Reference  (l£)  in  the  appendix  gives  a  wealth 
of  practical  information  on  use  of  mechanical  impedance  and  the  plots  for 
single  and  multiple  degrees  of  freedom. 
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IMPEDANCE  PLOTS:  Mass,  stiffness,  damping,  and  resonant  frequency  are 
found  in  the  impedance  and  phase  angle  plots  for  two  simple  systems. 
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IMPEDANCE  MODEL  FOR  VIBRATION  ISOLATION  OF  A  MECHANICAL  SYSTEM 


Mechanical  impedance  ii3  used  to  study  the  effects  of  mounting  equipment  on  a 
mechanical  isolator  which  is  mounted  to  a  flexible  vibrating  structure. 


The  System 

The  system  considered  here  consists  of  a  flexible  6_ructure  which  is 
vibrating,  an  isolation  mount  and  piece  of  equipment  for  which  vibration 
isolation  is  needed.  The  flt::lble,  vibrating  structure  is  modeled  as 
the  mechanical  source,  the  isolator  as  a  four  pole  and  the  equipment  as 
a  mass  (see  adjacent  figures).  The  source  consists  of  a  mechanical 
generator  and  an  elastic  system;  the  isolator  consists  of  a  spring,  k, 
and  a  damper,  c,  connected  between  points  1  and  2  in  parallel. 

Assumptions 

1.  The  excitation  is  sinusoidal  vibration. 

2.  The  mounting  structure  is  elastic. 

3.  The  responding  masses  inside  the  equipment  do  not  affect  the 
input  and  theref  ore  the  equipment  can  be  represented  as  a  rigid 
mass. 

4.  The  system  consiou:  of  linear  springs,  viscous  dampers,  and  rigid  v 

masses. 

•«  j» 

5.  Only  translational  motion  is  significant. 

6.  The  isolator  i6  a  center-of-gravity  suspension  system  which  allows 
the  three  mutually  perpendicular  axes  to  be  considered  separately. 

f.  An  equipment  fragility  curve  exists  which  consists  of  a  single 
curve  of  sinusoidal  amplitude  versus  frequency.  Points  below 
the  curve  have  a  very  small  probability  of  causing  failure.  It 
is  assumed  that  this  fragility  curve  is  exceeded  if  no  isolator 
is  used  (i.e.,  point  2  is  mounted  directly  to  point  l). 

Information  Needed 


In  the  lower  figure  the  system  is  shown  in  block  diagram  form,  with  the 
parameters  needed  to  perform  the  analysis.  The  information  needed  is: 

1.  The  fragility  curve  for  the  equipment,  V^, 

2.  The  mass  of  the  equipment,  m 

3.  The  unloaded  vibration  of  the  mechanical  source,  V 

4.  The  mechanical  impedance  of  the  uource,  Zg 

5.  The  vibration  response  of  the  hard  mounted  equipment,  VQ 
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6.  The  maximum  allowable  displacement  for  the  equipment 

T.  The  stiffness,  k,  and  damping,  c,  of  the  isolators  being 
considered . 

No'e  that  Vf,  Vs,  Zg,  and  VQ  are  all  functions  or  frequency. 

The  procedures  for  designing  the  isolator  are  outlined  in  the  following 
section . 


SYSTEM  ELEMENTS 


k 


BLOCK  DIAGRAM 


VIBRATION  ISOLATION  MODEL:  The  elements  of  the  mechanical  system  are 
shown  in  physical  and  block  diagram  format. 
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VIBRATION  ISOLATION  TECHNIQUES  AND  PROCEDURES 


Procedures  are  outlined  for  the  design  of  an  isolator  using  combined  test  and 
analysis  methods. 


Procedure 

1.  Establish  the  fragility  level,  V of  the  equipment  by  subjecting 
it  to  sinusoidal  vibration  tests. 

2.  Measure  the  unloaded  vibration,  V  ,  of  the  mounting  area  (the 
mechanical  source).  Obtain  this  information  by  recording  the 
signals  from  transducers  mounted  in  this  area  during  the  de¬ 
sired  operating  conditions.  The  masses  of  the  transducers 

are  assumed  to  be  so  light  that  they  do  not  affect  the  vibration. 

3-  Determine  the  response,  VQ,  of  the  equipment  when  it  is  hard 
mounted  (no  isolator)  to  the  vibrating  structure.  VQ  can  be 
determined  by: 

a.  Calculating  the  response,  or 

b.  Measuring  the  response  under  actual  conditions. 

If  b.  is  used,  it  ie  advisable  to  mount  a  dummy  simulating  the 
equipment  to  avoid  possible  damage.  If  VQ  i6  less  than  V  for 
all  frequencies,  no  further  study  is  indicated. 

4.  If  VQ  exceeds  Vf  at  any  frequency,  mechanical  isolation  is 
needed.  Additional  information  is  required.  Determine  the 
mechanical  impedance  of  the  source,  Z  ,  using  a  mechanical 
impedance  head  and  a  force  generator.8  For  this  study,  it  is 
convenient  to  express  Zg  in  terms  of  its  real  and  imaginary 
parts  (Equations  1,  2  and  3)* 

5.  It  is  now  necessary  to  determine  the  characteristics  of  the 
isolator.  The  first  cut  is  made  by  utilizing  the  transmissibility 
(T)  for  the  single  degree  of  freedom  system  (base  excited).  This 
approximation  applies  exactly  if  the  source  has  infinite  impedance. 
The  mass  m  is  the  mass  of  the  equipment  and  a  spring  and  damper 

are  selected  such  that  T  times  V8  is  less  than  V^  for  all  frequencies. 
The  flexibility  of  the  isolator  is  limited  by  the  maximum  allowable 
deflection  for  the  equipment  (space  limitations)  and  the  damping 
is  limited  by  the  isolator  material  properties. 

6.  The  design  is  now  refined  by  considering  the  flexibility  of  the 
source.  We  now  define  the  Insertion  ratio,  V,  which  is  equal  to 
the  ratio  of  the  response  velocity  before  isolation  (VD)  to  the 
response  velocity  after  isolation  (V^).  Ses  Equation  4.  The 
absolute  value  of  ’J  is  the  ratio  of  the  transmissibility  before 
isolation  to  the  transmissibility  after  isolation,  and  is  an 
indicatior  of  the  effectiveness  of  isolation.  The  absolute  value 
of  1  is  given  by  Equation  5-  The  isolator  design  is  refined  by 
varying  values  of  c  and  k. 
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7.  The  isolator  design  must  result  in  values  of  less  than 

Vf  for  all  frequencies,  even  when  c  and  k  are  varied  to  allow 
for  tolerances  and  temperature  changes. 

Equation  cy  provides  a  convenient  method  for  determining  the 
effectiveness  of  an  isolator  (described  in  terms  of  k  and  c) 
as  fi  function  of  the  mass  being  isolated  (m),  the  impedance 
of  the  mounting  surface  (Rs,  XE)  and  frequency  («•>).•  Although 

Equation  5  can  be  solved  by  hand  for  each  frequency  of  interest, 
it  is  more  easily  handled  by  the  computer. 


Z:j(w)  = 

«,(“)  * 

J  *.(-> 

(1) 

Rs(w)  . 

|2,(-)l 

cos 

(2) 

|Z8(-)I 

sin  <t> 

(3) 

where 

$  =  phase  angle  of  velocity  behind  force 


n 

=  V  /V.  *  insertion  ratio 

0  I 

(M 

Ini  - 

V 

0 

] 

|r  -M(R  k+X  wc)lZ  +  Mujm+X  )  +  M(R  wc-X  k)]2 

[  8  8  S  J  L  8  SSJ 

1 

2 

(5) 

lnl 

Vi 

_  ^ 

RS  +  (wm  *  V2 

where 

M  r:  w  m/  (fa)  c"  ♦  k  ) 

Note  that  V„,  V  ,  Z  ,  V  ,  V  ,  R  ,  X  ,  and  q  are  all  functions  of 

I  8  S  O  x  3  S 

frequency,  w. 


ISOLATION  PROCEDURES:  Equations  are  presented  for  the  step-by-step 
procedure  for  the  design  cf  an  isolation  system. 
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SYMBOLOGY 


a 

c 

dB 

e 

f 

f 

n 


F,f 


J 

k 

m 

M 

R 

i 

T 


v,i/ 

x 

X 

8 

Y 
Z 
a 

o 

V 
<b 


Linear  Acceleration 
Viscous  Damping 
Decibels 
2.17... 

Frequency,  Cycles  per  Second 
Natural  Frequency 

Force 

VT 

Spring  Constant;  Stiffness 
Mass 

Mobility 

Real  Part  of  Impedance 

Transmissibility 

Velocity 

Linear  Displacement 
Imaginary  Part  of  Impedance 

Mechanical  Admittance 
Mechanical  Impedance 
Four  Pole  Parameter 
Phasor  Displacement  Angle 
Insertion  Ratio 
Phasor  Displacement  Angle 
Phasor  Displacement  Angle 
Frequency,  Radians  per  Second 
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GLOSSARY 


Damping  -  The  dissipation  of  energy  with  time  or  distance. 

Degreca-of-Freedom  -  The  number  of  degrees- of- freedom  of  a  mechanical  system 
is  equal  to  the  minimum  number  of  independent  coordinates  required  to  define 
completely  the  positions  of  all  parts  of  the  system  at  any  instant  of  time. 

Fragility  -  The  maximum  dynamic  response  to  which  a  system  should  be  exposed, 
based  on  the  strength  of  the  equipment. 

Frequency  -  The  number  of  times  that  a  periodic  function  repeats  the  6ame 
sequence  of  values  during  a  unit  variation  of  time.  The  unit  is  the  cycle- 
per-second  which  equals  one  Hertz  (Hz). 

Impedance  Head  -  A  highly  sensitive,  combined  force  and  accelerometer 
transducer. 

Isolation  -  A  reduction  in  the  capacity  of  a  system  to  respond  to  an 
excitation,  attained  by  the  use  of  a  resilient  support.  In  steady-state 
forced  vibration,  isolation  is  expressed  quantitatively  as  the  complement 
of  transmissibility. 

Phase  of  a  Periodic  Quantity  -  The  fractional  part  of  a  period  (for  a 
particular  value  of  the  independent  variable)  through  which  the  independent 
variable  has  advanced,  measured  from  an  arbitrary  reference. 

Mechanical  Admittance  (Mobility)  -  The  complex  ratio  of  velocity  to  force. 

Mechanical  Impedance  -  Ratio  of  force  to  velocity  during  simple  harmonic 
motion. 

Resonance  -  Resonance  of  a  system  in  forced  vibration  exists  when  any 
change,  however  small,  in  the  frequency  of  excitation  causes  a  decrease 
in  the  response  of  the  system. 

Resonant  Frequency  -  Vibrating  frequency  at  which  resonance  occurs. 

Response  -  The  motion  (or  other  output)  of  a  system  or  device  resulting 
from  an  excitation. 

Stiffness  -  The  ratio  of  change  of  force  (or  torque)  to  the  corresponding 
change  in  translational  (or  rotational)  deflection  of  an  elastic  element. 

Transducer  -  A  device  for  translating  faithfully  the  changing  magnitude  of 
one  kind  of  quantity  into  corresponding  changes  of  another  kind  of  quantity. 

A  dynamic  transducer  translates  a  shock  pulse  into  an  electric  current 
output . 

Transmissibility  -  Non-dimensional  ratio  of  the  response  amplitude  of  a 
system  in  steady-state  forced  vibration  to  the  excitation  amplitude.  The 
ratio  may  be  one  of  forces,  displacements,  velocities,  or  accelerations. 
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AH  EXAMPLE  OF  FORCE)  VIBRATION  WITH  DAMPING  EMPLOYING  ROTATING  PHASOR  TECHNIQUES 

Illustrative  Example:  For  the  system  shown  below  find  the  steady  state 
displacement  of  the  mass  using  rotating  phasors. 


f  si  nun. 


Solution:  The  differential  equation  of  motion  for  this  type  of  system  Is 


f  slnut 


lex 


Since  F  =  f  =  f(coswt  +  J  sinwt)  only  the  imaginary  part  of  the 

solution  would  apply  if  F  is  used  in  place  of  f  slnuit  in  the  differential 
equation. 


The  displacement  vector  will  be  represented  by  x  =  x  and  cor¬ 

respondingly  the  velocity  vector  Is  (jwi)  and  the  acceleration  vector  la 

(-c&O. 


After  substitution  Into  the  original  equation  and  algebraic  manipulation 
there  results, 

xe"^’  a  - 1 -  =  X  (cos  4>- J  Sin  4>) 

k-mur +jwc 

The  angle  of  lag  (4>)  nay  be  determined  from  the  plot  of  the  impedance  on 
the  complex  plane  shown  In  Figure  8  on  page  3.1-5.  It  is  given  by 


l 


wm-c 


or,  graphically,  this  is  shown  as 
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obtaining  (sin  ip)  from  the  previous  relationship  for  (ip)  and  substituting 
this  into  the  form.  For  x(cos  ip-i  sin  >p)  and  taking  only  the  imaginary 
part,  results  in  the  displacement. 

Solution: 


I  mag  x 


(c  co  ) 


( k-mtu' ) 


sin  (cut-  tp) 


Attention  is  called  to  the  fact  that  when  not  using  the  rotating  phasor 
techniques  the  lag  angle  (<^)  is  obtained  by  substituting  into  the  original 
equation  of  motion  the  known  form  of  the  solution  to  this  type  equation,  the 
the  form  x  =  Asinwt  +  Bsincut.  After  some  algebraic  manipulation  there  is 
obtained  the  identical  solution  shown  immediately  above  with 


4> 


tan 


-1 


C  Cii 

2 

k-mw 
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APPLYING  THE  RULES  OF  FOUR  POLE  PARAMETERS 


FOUR  POLE  PARAMETERS  FOR  THE  SINGLE-DEGREE-OF-FREEDCM  SYSTEM 


Spring  (k)  and  damper  (c)  are  connected  In  parallel;  this  parallel  con¬ 
nection  la  In  aeries  with  mass  (m). 

Points  1,  3,  and  5  form  a  cannon  Junction,  as  do  points  2,  U  and  6. 


APPLYING  THE  RULES  OF  FOUR  POLE  PARAMETERS  FGR  A  PARALLEL  CONNECTION 
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APPLYING  THE  RULES  OF  FOUR  POLE  PARAMETERS  (Continued) 

APPLYING  THE  RULES  OF  FOUR  POLE  PARAMETERS  FOR  A  SERIES  CONNECTION 
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THE  FOUR  POLE  EQUATIONS  FOR  THE  SINGLE-DBGREE-OF-FREEDOM  SYSTEM 


) 
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DETERMINATION  OF  FOUR  POLE  PARAMETERS  FOR  A  MASS,  A  SPRING,  AND  A  DAMPER 


In  the  equations  below  the  a  terms  are  to  be  determined.  These  are  the 
four  pole  parameters. 

F1  =  all  F2  +  al2  V2 

V1  =  a21  F2  4  a22  V2 


For  the  mass,  since  the  body  is  considered  rigid  the  velocities  •  ‘  input 
and  output  are  equal.  Therefore  Vi  =  V2.  It  is  immediately  seen  from 
the  above  equations  that  otgl  =  0  and  a22  =  1-  Vi th  the  output  clamped 
Fi  -  F2  =  an  F2  at  V2  =  0  =  Vj_  therefore,  o_q  =  1. 

Further,  since  at  (sc)  Fi  •  0  ♦  o,2  Vz,  Vj_  =  V2,  and  ai2  =  (Fi)/(v2)  at 
F2  =  0,  012  must  equal  (Fi)/(VjJ  =  jjm  =  Z^. 


A*»m  =  Zc. 


For  the  spring  the  input  force  and  the  output  force  are  equal  ideally 
since  the  spring  is  considered  massless.  Further  the  relative  velocity 
relationship  -  V2  =  (Juj)/(k).  Hence,  F^  =  F2  and 

V  -  jlh?  K  4-  V 

1  k  2  2 

To  satisfy  the  original  equations  for  (Fq)  and  (V^)  a22  = 

Qf12  =  0,  «21  =  (jw)/(k). 

For  the  damper  ?!  =  F2  and  the  relative  velocity  is  expressed  as 
Vi  -  V2  =  (F2 )/ ( c ) .  Therefore,  F^  =  Fg  and 

F2 

v  =  -L  +  v 

VI  c  2 

To  satisfy  the  original  equations  for  (Fi)  and  (V^)  on  =  1,  (*22  =  1 > 

<*1Z  *  0,  «21  =  (l)7(c). 

Ihe  above  results  may  also  be  obtained  by  resorting  to  electric  circuit 
considerations. 


For  the  mass,  the  following  electric  circuit  analogy  applies; 
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For  open  circuit  (oc) 


F  F, 

1  2 


V1  =  V2  =  ° 


and  since 


F1  all  F2  *  °12  V2 


°11  ° 


Further,  since 


V1  '  a21  F2  +  a22  V2 


a21  =  0 


For  short  circuit  (sc) 


V  =  V 
1  2 


F2  ° 


and  again  using  the  above  equations  for  (F^)  and  (V^)  results  in 

<*^2  =  Junn  and  a  22  =  1* 

For  the  spring  the  electric  circuit  analogy  is 


1 


For  open  circuit  (oc) 


F 


2 


0 


Jw 


For  short  circuit  (sc) 


Applying  these  results  to  the  original  equation  leads  to  an  =  1,  a1?  •  0, 
q21  =  (Ju>)/(k),  <*22  =  1. 


For  the  Damper  the  electric  circuit  is  the  same  as  for  the  spring  except 
that  the  impedance  Is  c.  There  results;  an  =  1,  a12  =  0,  a21  =  (l)/(c), 
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EXAMPLE  ON  SYSTB4  RESPONSE  VERSUS  FREQUENCY  USING  MECHANICAL  IMPEDANCE  CONCEPTS 
AND  PLOTS 


Die  system  shown  below  In  Figure  1,  will  be  Investigated  for  response 
with  variable  frequency  for  the  forcing  function. 


F  ■  f _  coswt 


Figure  1. 


The  associated  phasor  diagram  is  as  shown  below  in  Figure  2. 


Figure  2, 


The  velocity  mov,''ity  of  the  system  is  given  by 


c  -  *7  +  J*® 


which,  after  algebraic  manipulation  yields, 

2  2 
Cu  +  Jw(k  -y  m) 

M  =  g  M t 
(cw)  ♦  (k  -w  m) 

Note  that  this  is  in  a  form  which  readily  shows  the  complex  number 
representation  A+JB. 

The  magnitude  of  (M)  is  given  by 


mx  V(cu)  +  (k-w  m) 
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with  the  displacement  angle  given  by 


tan  v 


k 


2 

-  w  m 


Cuj 


Note  that  |  Ml  and  (v)  may  be  readily  found  as  (w)  varies. 

Since  (I  M|)  is  of  the  form  ( '■'max^ fmx)>  the  naxinium  forces  on  the  mass, 
spring,  and  damper  may  readily  be  found.  For  example,  since  the  velocity 
mobility  of  the  system  is  (^xl/Cfiiiax),  ymax  “ay  found  and  applied  to 
the  mobility  of  each  element  for  determination  of  fmx  f°r  each  element. 

In  Figure  3  (on  the  following  page),  the  velocity  mobility  curve  of  the 
system  is  asymptotic  to  the  spring  mobility  line  in  the  low  frequency 
range  and  is  asymptotic  to  the  mass  mobility  line  in  the  high  frequency 
range.  This  means  that  at  low  frequencies  the  spring  predominates  and 
at  high  frequencies  the  mass  predominates.  For  forcing  function  fre¬ 
quencies  below  natural  frequency  (fn)  the  system  is  spring  controlled 
and  the  angle  (v)  is  between  0  and  +90°.  For  above  the  natural  frequency 
the  angle  is  between  0  and  -90®  and  the  system  is  mass  controlled. 


Typical  units  used  are; 

•  Frequency  (f) 

•  r) 

•  Compliance  (^J 

•  Velocity  Mobility (M)  - 


cycles  per  second  (Hz!' 
pounds 

microinches  per  pound 
microinches  per  pound  second 


Note  that  the  spring  mobility  line  is  parallel  to  the  (l/k)  system  of 
lines,  that  the  mass  mobility  line  is  parallel  to  the  (m)  system  of 
lines,  and  that  the  damper  mobility  lines  are  parallel  to  the  (M)  system 
of  lines  (shown  in  the  following  chart). 


In  conjunction  with  the  mobility  plot  the  displacement  plot  may  be  made. 
This  is  merely  a  plot  of  the  displacement  (maximum)  of  each  element  in 
the  system  versus  frequency.  A  typical  plot  is  shown  in  Figure  4,  (on 
page  3.5-15).  This  is  for  the  type  of  Spring-Mass-Damper  System  con¬ 
sidered  for  the  mobility  plot. 
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EXAMPLE  OR  SYSTB4  RESPONSE  VERSUS  FREQUENCY  USING  MECHANICAL  IMPEDANCE 
CONCEPTS  AND  PLOTS  (Continued) 


Figure  3. 
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CHAPTER  4 

STRESS  OOECBfTRATIOH 


ABSTRACT: 

Stress  concentration  effects  are  known  to  cause  a  sharp  increase  in  stress 
at  the  local  area  near  a  notch  or  discontinuity.  This  effect  is  particu¬ 
larly  lsportant  to  structure  loaded  repetitively  since  the  stress  raiser 
acts  as  an  incipient  crack,  which  say  be  ultimately  manifest  as  a  fatigue 
failure.  'Bart  is  not  so  clearly  understood  is  the  stress-amplification 
effect  at  discontinuities  in  equipment  structure  from  component  access 
requirements,  cooling  provisions,  mounting  Interfaces,  and  similar 
functional  necessities.  Each  of  these  Interruptions  in  the  structural 
continuity  has  the  capability  of  causing  a  drastic  decrease  in  service 
life. 

This  chapter  outlines  the  parameters  used  in  the  analysis  of  stress 
amplification  effects  including  theoretical  factors,  fatigue  factors, 
and  material  notch  sensitivity  effects.  Procedures  are  discussed  for  the 
analysis  of  static,  repetitive,  and  impact  loading  conditions. 

Some  practical  suggestions  are  offered  on  the  approaches  a  designer  may 
employ  to  Minimise  the  stress  concentration  effect  in  new  designs  as  veil 
as  fixes  for  stress  raisers  in  existing  equipment  structure,  short  of  a 
complete  redesign.  A  •  ternary  of  important  stress  concentration  factors 
is  presented  in  the  appendix,  with  a  selected  bibliography  on  the  subject. 
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flection  1  —  Introduction 

m  D4PCREAICE  (F  STRESS  OCVCBfTRATIOi  TO  THE  PACXAGIHG  DESIGNER 


Stress  amplification  effects  due  to  stress  concentration  my  greatly  lncreese  the 
calculated  or  nominal  stress  In  a  structural  aeaber.  This  is  a  design  fact-of-llfe 
which  the  Electronic  Equipment  Packaging  Biglneer  must  handle  analytically  and 
structurally. _ _ _ 

Stress  concentration  In  an  elastic  mterial  (and  aost  of  the  structural 
■nterlals  of  interest  to  the  Packaging  Engineer  fall  roughly  Into  this 
category)  is  an  abrupt  Increase  in  stress  Intensity,  localised  within  a 
relatively  tall  region.  This  phenomenon  exists  apart  free  and  In  addition 
to  the  stress  variation  across  a  section  resulting  from  a  distrib¬ 

uted  load,  such  as  flexure. 

Theoretical  stress  concentration  is  characterised  by  two  qualitative  groups: 
geometric  factors,  which  include  abript  changes  In  section,  grooves,  and 
fillets;  and  stress  raisers,  which  cover  a  multitude  of  engineering  and 
fabrication  tins,  such  as  scratches,  burrs,  fastener  holes,  threads  and 
metallurgical  anomalies.  This  useful  categorisation  of  stress  concen¬ 
tration  is  developed  In  greater  detail  later  in  this  section. 

Stress  ampllfl  nation  due  to  geometric  discontinuity  is  handled  analytically 
by  multiplying  the  appropriate  factor  times  the  stress  calculated  from 
simple  theory  (such  as  P/A,  Mc/l,  Tc/J).  The  stress  concentration  factor 
thus  acta  as  a  correction  factor  to  modify  the  calculated  stress  to  more 
closely  reflect  the  true  situation.  Almost  invariably,  the  true  stress 
exceeds  the  nominal  streaa;  occasionally,  aa  f or  a  repetitive  loading 
situation,  this  amplification  Is  disastrous. 

The  practical  significance  of  the  strain  magnification  effect  depends 
to  a  large  degree  on  the  circumstances:  the  category  of  the  stress  concen¬ 
tration  effect,  and  the  response  of  the  material  to  the  effect.  The  high 
local  stress  intensity  created  by  streaa  raisers  such  as  nicks  and 
scratches  la  often  relieved  by  local  yielding  of  the  material.  This  Is 
a  characteristic  of  a  ductile  mterial.  Far  such  materials  exhibiting 
much  plastic  region  capebllity  (i.e.,  ductility),  stresses  Induced  by 
static  rarely  undergo  much  of  s  magnification  due  to  stress  raisers. 

Brittle  materials  such  as  cast  Iron,  however,  are  much  more  sensitive  to 
stress  raisers  due  to  their  inability  to  deform  plastically  in  the  region 
of  a  discontinuity. 

The  situation  la  mvh  more  serious  under  dynamic  conditions,  such  as 
vibration  and  "ringing"  created  by  a  Shock  disturbance.  The  end  fracture 
due  to  repetitive  load,  such  as  •  vibration,  Is  a  fatigue  failure.  Fatigue 
failures  almost  exclusively  originate  from  a  region  of  stress  concentration, 
even  In  very  ductile  materials.  Materials  will  vary  widely  in  their 
susceptibility  to  stress  raisers  under  dynamic  conditions,  an  effect  known 
as  "notch  sensitivity". 

Ductility  is  not  s  particularly  good  measure  of  a  mterial 's  isnunlty  to 
stress  concentration  effects  in  fatigue.  Thus,  a  new  set  of  factors, 
referred  to  as  the  fatigue  stress  concentration  factors,  must  be  created 
to  reflect  this  stress  anomaly.  These  factors  are  defined  as  the  ratio 
of  the  endurance  limit  in  a  plain  specimen  to  the  endurance  Unit  In  a 
notched  specimen.  The  factors,  therefore,  measure  the  material's 
notch  sensitivity. 
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Stress  concentration  is  present  it.  ai.  electronic  equipment  package  for 
three  basic  reasons:  (l)  as  a  design  necessity  resulting  Iroir.  fasteners, 
access  areas,  counting  arrangements ,  and  changes  in  section  geometry; 

(2)  accidentally  as  a  result  of  tool  marks ,  scratches,  burrs,  and  surface 
deterioration  uue  to  corrosion;  and  (3)  inherently  due  to  metallurgical 
anomalies  such  as  inclusions,  slip  planes,  quenching  cracks  and  surface 
decarburization.  The  preceding  list  is  not  exhaustive.  Ar.y  experienced 
Packaging  Designer  could  undoubtedly  add  many  other  examples  of  the  effect 
in  equipment  elements.  The  problem,  to  which  this  chapter  is  directed  is 
the  recognition  of  this  stress  amplification  effect  and  some  of  the 
qualitative  and  quirtitative  approaches  available  to  the  Designer  for 
their  control. 


STRESS  CONCENTRATION:  Stress  amplification  is  frequently  manifest  in 
equipment  packages  as  an  accidental  cr  inherent  discontinuity,  or  as 
a  functional  necessity. 
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THE  INFLUENCE  OF  STRESS  CONCENTRATION  ON  DYNAMIC  STRUCTURAL  INTEGRITY 


Stress  amplification  effects  are  critically  important  to  structural  life  and  Integrity. 
Stress  concentration  must  be  considered  when  designing  packages  subjected  to  both 
shock  and  vibration,  but  for  a  separate  set  of  criteria. 


The  stress  amplification  effect  must  be  treated  in  two  discrete  manners 
when  designing  structure  for  shock  and  vibration.  The  treatment  of  stress 
raisers  in  impact  situations  is  roughly  similar  to  the  static  analysis 
procedure;  stress  concentration  in  repetitively  loaded  structures,  however, 
mainly  reflects  the  material  characteristics  or  notch  sensitivity. 


Experience  with  impact  loading  has  shown  that  the  stress  raiser  effect 
is  Just  as  pronounced  and  important  in  shock  as  it  is  under  vibratory 
disturbances.  Material  ductility  appears  to  be  vital  for  the  mitigation 
or  redistribution  of  stress  in  the  vicinity  of  a  stress  discontinuity. 

The  maximum  stress  also  varies  directly  with  the  square  root  of  the 
material's  elastic  modulus.  (1°)  It  follows  that  maximum  inpact  resistance 
will  be  exhibited  by  the  material  with  the  lowest  elastic  modulus,  provided 
that  the  elastic  limit  is  not  exceeded.  The  effect  of  loading  speed 
(strain  rate)  has  an  important  influence  on  structure  subjected  to  impact 
loads.  The  response  of  a  resonant  system  to  an  increasing  strain  rate  has 
been  shown  to  decrease  dramatically.  )  In  other  words,  the  faster  the 
loading  rate,  the  less  the  resonant  response.  In  addition,  test  data 
indicates  that  the  apparent  strength  of  typical  materials  increases  with 
increased  rate  of  load  application.  (16)  As  a  fortunate  consequence  of 
these  two  effects,  the  analysis  of  structure  under  impact  loading  at  a 
stress  raiser  represents  a  conservative  approach  if  strain  rate  is  assumed 
static. 


Although  fatigue  is  generally  associated  with  a  vibrating  disturbance,  the 
effect  is  nonetheless  important  in  certain  cases  of  load  iteration  resulting 
from  impact.  Often,  the  accelerations  associated  with  a  shock  pulse  are 
relatively  high.  If  the  impacted  structure  subsequently  "rings",  or 
resonates,  at  the  high  stress  level,  then  an  early  fatigue  failure  is 
possible  at  an  extremely  low  number  of  cycles  of  stress.  This  situation 
is  compounded  by  the  stress  concentration  effect  since  most  impact  fractures 
will  originate  at  a  stress  raiser  or  discontinuity.  As  indicated  previously, 
the  best  defense  is  a  ductile  material  with  a  low  elastic  modulus. 

The  most  important  aspect  of  the  stress  concentration  effect  to  the  designer 
is  the  influence  of  stress  raisers  on  the  fatigue  life  of  structural  mater¬ 
ials,  a  loading  situation  induced  by  repetitive  distrubances  (vibration) 
or  resonating  structural  elements  (shock  induced).  Stress  concentration 
under  static  loading  may  reduce  the  ultimate  strength  of  the  structure 
to  half  the  value  calculated  by  simple  theory.  Ihe  same  discontinuity 
in  a  vibrating  system  could  reduce  the  endurance  limit  of  the  material 
to  10  percent  of  its  unnotched  value.  This  dramatic  loss  of  structural 
life  is  illustrated  at  the  right  for  notched  and  unnotched  specimens  of 
the  same  material  subjected  to  the  same  repeated  loadings. 

Surface  finish  is  known  to  play  an  important  role  in  the  integrity  of  a 
vibrating  structure  since  many  fatigue  failures  originate  at  the  outer 
fiber  of  a  loaded  member.  Ihus  the  manufacturing  process  is  important 
as  it  affects  surface.  '1®'  It  follows  that  machine  finish,  surface 
protection,  and  corrosion  sensitivity  which  are  potential  sources  of  pits. 


' » 'inn** 


1 

%  >• 


VOLUME  III 


scratches,  and  surface  blemishes  are  highly  important  design  considerations 
for  fatigue-resistnat  structure.  (See  the  lower  figure.) 

Fatigue  failures  emanating  from  stress  raisers  are  not  entirely  confined 
to  the  surface,  however.  Spalling  failures,  which  occur  as  a  flaking  off 
of  large  chunks  of  case  material  from  a  contact  surface  such  as  a  gear 
tooth  face,  are  the  result  of  a  rapid  change  in  hardness.  The  interior  or 
core  material  has  insufficient  fatigue  strength  to  support  the  harder  outer 
case,  which  eventually  cracks  and  spalls  off. 


Designing  structure  for  dynamic  loadings  subject  to  stress  concentration 
effects  appears  to  be  an  exercise  in  moderation.  Moderation  is  required 
in  the  fairing  of  abrupt  changes  in  section;  in  the  use  of  ample  radii  to 
blend  corners;  in  avoiding  materials  that  are  ultra-hard  and  strong,  but 
are  also  very  notch  sensitive;  in  careful  attention  to  eliminating  scratches, 
sharp  corners,  and  burrs;  in  selecting  a  material  that  exhibits  good  core 
strength  even  though  it  may  not  be  indicated  on  the  basis  of  static  strength 
requirements. 


STRESS  RAISERS  AND  STRENGTH:  The  presence  of  notches  and  discontinuities 
dramatically  reduces  the  strength  capacity  of  materials  subjected  to 
dynamic  loading. 
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of  the  strength-reducing  effect  of  stress  concentration.  Both  are  useful 
in  analyzing  the  equivalent  static  effect  of  •  shock-induced  dynamic  load. 

The  geometric  stress  concentration  factor  is  affected  by  scale;  the  factor 
determined  for  a  small  specimen  may  not  be  extrapolated  directly  to 
larger  structures.  The  larger  the  model,  the  more  the  amplification 
factor.  U) 

The  geometric  factor  may  be  reduced  by  attention  to  the  placement  of 
notches,  holes,  and  other  discontinuities.  A  series  of  holes  is  less 
detrimental  a  single,  large  hole.  Changes  in  section  should  be 
gradual  and  faired  smoothly  with  generous  radii.  Surface  blemishes 
should  be  avoided,  and  good  workmanship  is  imperative,  particularly  in 
regions  of  high  stress.  Metallurgical  considerations  of  proper  alloy 
and  heat  treatment  are  critical,  surface  treatment  and  fabrication  process 
are  also  lsportuit,  as  veil  as  corrosion  resistance. 


STRESS  OOHCHfURATICB:  A  quantitative  representation  of  stress  concentra¬ 
tions  exerted  on  a  configuration  may  evaluated  in  terms  of  the  stress 
factor,  (K^)  and  a  dimensional  ratio. 
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flection  2  -  Evaluating  the  Concentration  Effect 


OB  81UB8  COKBRRATIOaf  FACTOR  FGR  FATIGUE 


The  atraee  unification  affect  Is  most  serere  for  loading  conditions  involving 
fatigue.  Ublika  the  geometric  factor,  the  fatigue  factor  1s  affected  by  a  range  of 
varlahlee  relating  to  the  notch  sensitivity  of  the  material,  as  veil  as  the  geonetry 
of  the  loaded  element. 

Hie  a  tress  concentration  effect  In  nenbers  subjected  to  repeated  loading 
■ay  be  represented  by  a  fatigue  strength  reduction  factor,  (Kf).  This  factor 
Is  defined  as  the  ratio  of  the  endurance  Unit  (or  fatigue  strength)  for 
an  unnotched  structural  nenber  to  the  endurance  Halt  (or  fatigue  strength) 
of  the  sane  member  without  the  notch.  (3)  (13)  in  order  to  evaluate  this 
factor,  the  designer  nust  undez  stand  the  concept  of  endurance  Halt  and 
fatigue  strength.  Claslcally,  endurance  Halt  is  the  highest  stress  a 
aaterlal  can  be  subjected  to  and  still  sustain  repetitive  loading  Indefin¬ 
itely  without  failure.  Since  soae  cosnon  materials  (notably  the  aluminum 
allays)  do  not  exhibit  an  indefinite  Hfe,  the  endurance  Halt  is  further 
defined  at  soae  finite  number  of  stress  cycles,  usually  many  million.  The 
fatigue  strength,  then,  Is  the  maxi  mum  stress  that  the  member  may  endure 
for  a  given  mmtiber  of  stress  cycles  without  failure.  The  fatigue  factor 
(Kf)  tends  to  reduce  both  the  endurance  Halt  and  the  fatigue  strength. 

Ihe  fatigue  factor  (K.)  is  affected  adversely  by  a  broad  range  of  variables, 
some  of  which  are  not  particularly  important  to  the  geometric  factor,  (K^). 
Closings  (20)  has  reported  a  Hat  of  variables  havlig  an  influence  on  (Kf), 
which  any  be  siaeaurlzed  as  follows:  fora  factors,  including  elements  of 
notch  form  and  type  of  discontinuity;  stress  factors,  including  the  type 
of  loading,  the  aaount  of  residual  stress  at  the  notch,  and  the  degree  of 
stress  reversal;  metallurgical  considerations,  such  as  material  notch 
sensitivity,  hardness,  grain  size,  and  grain  direction;  and  certain  environ¬ 
mental  Influences,  such  as  temperature  and  corrosion.  Aa  Is  the  case  with 
the  geometric  factor,  scale  has  a  pronounced  affect  or  (Kf).  A  factor  which 
Is  not  apparent,  however,  is  the  complete  lack  of  correlation  between  (Kf), 
tensile  strength,  and  the  different  types  of  stressing. 

A  parameter  which  relates  (Kt)  and  (Kf)  to  the  material  characteristics 
most  influential  to  fatigue  strength,  is  the  notch  sensitivity  factor,  q. 

Kotch  sensitivity  nay  be  defined  In  these  terms  as: 

Kf  -  1  (13) 


It  may  be  seen  that  q  ■  0  when  (Kf)  *  1.0  (or  no  apparent  reduction  of  endur 
ance  limit  due  to  a  notch)  indicating  no  notch  sensitivity.  A  plot  of  (Kt), 
(Kf),  end  q  for  a  range  of  notch  sizes  Is  presented  in  the  adjacent  figure. 
The  second  figure  presents  some  useful  data  on  the  variation  of  notch 
sensitivity  and  theoretical  stress  concentration  factor  for  the  case  of  a 
typical  structural  steel  In  the  hardened  and  drawn  versus  the  annealed 
condition.  The  curves  represent  average  values  for  a  variety  of  stress 
raisers.  Including  vee  notches,  holes,  fiHets,  and  grooves. 

The  concept  of  notch  sensitivity  Is  also  Important  in  shock  calculations 
since  materials  vary  in  their  response  to  impact  in  the  vicinity  of  a  notch, 
much  the  same  as  they  do  under  repeated  loading.  These  Impact  sensitivity 
factors  are  evaluated  empirically  by  a  range  of  tests  including  tension 
intact,  bending  Impact,  and  torsional  Impact.  Endurance  limits  and 
notch  sensitivity  factors  for  fatigue  are  counly  determined  by  bending. 
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tension-compression,  and  toraional  testa.  Of  Importance  to  the  Designer 
Is  the  knowledge  that  much  of  the  data  is  obtained  from  highly  polished 
specimens  under  laboratory  conditions,  and  thus  represents  an  upper  value. 
The  deleterious  effect  of  the  environmental  conditions  and  site  variations 
of  the  real  world  of  structural  packages  should  be  evaluated  when  using 
these  oabers  In  a  stress  calculation. 


FATIGUE  STRgIGTH  RSUCTIOH:  The  effect  of  stress  raisers  on  structure 
subjected  to  repeated  loading  may  be  evaluated  in  terms  of  (Kt),  (Kf), 
and  (qi 
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Section  3  -  Stress  Amplification  In  Structural  Members 


SOME  FACTORS  AFFECTHIG  THE  SEVERITY  OF  THE  STRESS  C0JICENTRA1T0R 


The  state  of  stress  In  a  dynamically  loaded  element  is  adversely  affected  by  design 
necessities  such  as  fasteners  and  changes  In  section,  by  accidental  stress  raisers 
such  as  scratches  and  tool  marks,  and  by  inherent  factors  such  as  material  character 
latlcs  and  heat  treatment  effects. _ 


Stresn  concentration  has  the  effect  of  significantly  amplifying  the  actual 
surface  stress  in  he  vicinity  of  geometric  discontinuities.  If  the  equip¬ 
ment  package  coil  be  a  smooth,  continuous,  uninterrupted  flow  of  structure 
made  of  an  optimum  material,  with  components  bonded  in  place  by  large  areas 
without  fasteners,  then  stress  concentration  would  be  an  academic  consid¬ 
eration.  Obviously,  this  is  not  the  case  in  the  electronic  equipment 
package.  Ry  outlining  some  of  the  more  important  factors  Influencing  notch 
severity,  it  Is  hoped  that  the  designer  will  be  better  equipped  to  cope  with 
the  reality  of  the  stress  concentration  effect. 

The  Independent  variable  most  often  encountered  In  the  selection  of  a 
concentration  factor  Is  form,  or  geometry,  of  the  discontinuity.  Theoretical 
stress  concentration  factors  are  available  In  abundance  from  the  literature 
on  virtually  every  type  of  notch,  hole,  groups  of  holes,  fillet  radii, 
changes  In  section,  and  more.  The  selected  bibliography  In  the  appendix 
to  this  chapter  provides  a  good  starting  point  in  the  designer's  evaluation 
of  the  structured  model  In  question.  The  range  of  this  farm  effect  may  vary 
from  only  slightly  over  1.0  for  a  generous  radius  In  a  shaft  shoulder 
subjected  to  a  static  load  or  an  Impact  load  that  can  be  expressed  In  terms 
of  equivalent  static  damage  potential,  to  a  K  factor  of  10  or  more  for  a 
severe  notch  subjected  to  a  repeated,  fully  reversed  loading.  The  works 
of  Peterson,  (13)  Gooza,  (15)  Savin,  (19)  Griff  el,  (l2 )  and  Roark(l)  provide 
ample  documentation  for  stress  amplification  factors.  It  remains  for  the 
designer  to  determine  the  type  of  loading  occurring  at  the  critical  section 
(tensile,  flexural,  shear,  torsional),  to  estimate  the  geometry  of  the 
discontinuity,  and  to  select  a  factor  from  the  literature  vhlch  best  fits 
the  situation. 

The  notch  effect  discussed  above  is  mostly  design  related  and  falls  under 
the  category  of  designing  to  accommodate  a  geometric  condition  vhlch  may 
be  dictated  by  functional  or  mechanical  necessities.  Stress  concentration 
effects  resulting  from  manufacturing  techniques,  heat  treatment,  and 
environment  may  cot  be  quite  so  apparent  to  the  designer,  but  nonetheless 
Just  at  important.  Tool  marks,  rough  machined  surfaces,  sharp  edges  and 
corners,  undressed  velds,  and  pitting  or  blow-out  of  material  adjacent  to 
a  weld  may  reduce  the  element’s  endurance  limit  from  10$  to  75^.  This 
effect  is  accidental  or  the  result  of  poor  shop  procedure.  It  does,  however, 
exist  in  most  structure  and  must  either  be  accounted  for  analytically  or 
eliminated  by  rigorous  inspection. 

Fastening  techniques  vhlch  apply  local  pressure  to  the  parent  structure  are 
subject  to  galling  and  fretting,  stress  amplification  mechanisms  that  may 
reduce  the  apparent  strength  of  a  member  by  75%.  Similarly,  residual  tensile 
stresses  Induced  locally  by  mechanical  assembly,  grinding,  or  cold  forming, 
have  an  adverse  effect  on  fatigue  strength.  Reduction  of  dynamic  integrity 
due  to  Improper  heat  treatment  or  material  selection  is  a  cannon  pitfall. 
Surface  hardening  for  better  wear  resistance  may  cause  under-surface  defects 
that  ultimately  precipitate  fatigue  failures.  Surface  deterioration  due  to 
heat  treatment  is  not  uncommon.  Metallurgical  anomalies  such  as  quenching 
cracks,  slip  planes,  hard  Inclusions,  and  surface  decarburization  may  form 
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the  nucleous  for  a  fatigue  failure.  Ductility  is  known  to  be  a  poor 
measure  of  fatigue  resistance,  but  is  beneficial  in  mitigating  a  stress 
raiser  by  plastic  deformation  in  the  region  of  high  stress  in  members 
subjected  to  static  loading.  Very  hard  materials  are  known  to  be  more 
notch  sensitive,  and  hence  more  susceptible  to  fatigue  damage.  Attention 
to  the  factors  that  contribute  to  the  stress  concentration  effect  will 
aid  the  designer  in  eliminating  or  accommodating  them. 


SUMMARY 

OF  FACTORS  AFFECTING  STRESS  CONCENTRATION  ! 

(See  Appendix  For  Details) 

• 

Small  Fillets 

• 

Tool  Marks  , 

• 

Surface  Machining  Marks 

• 

Fretting  and  Galling 

• 

Corrosion 

• 

Plating 

• 

Heat  Treatment  j 

• 

Size 

• 

Speed 

• 

Shape 

• 

Inclusions 

REDUCED  STRUCTURAL  INTEGRITY:  Stress  concentration  leads  to  reduced 
structural  adequacy,  and  is  affected  by  a  variety  of  physical  causes. 
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Section  3  —  Stress  Amplification  in  Structural  Members 


STRENGTH  CALCULATIONS  FOR  MEMBERS  SUBJECTED  TO  STATIC  AND  IMPACT  LOADS 


Straightforvard  analytical  techniques  are  available  to  the  designer  to  evaluate  the 
effects  of  stress  raisers  in  structural  members  subjected  to  impact  and  static 
loading. _ _ 


The  state  of  stress  in  a  structural  member  is  evaluated  on  the  basis  of  a 
load  (or  moment  or  torque)  divided  by  an  area  (or  section  modulus  or  polar 
moment)  or  some  combination  of  these  loading  situations  as  dictated  by  the 
free  body  diagram  of  the  element.  The  load  portion  of  these  basic  equations 
are  calculated  on  the  basis  of  an  input  disturbance  factored  by  a  structural 
response.  The  details  of  this  input  and  response  are  the  subject  of 
Volume  II,  "Analytical  Procedures. "  Once  the  load  has  been  estimated  and 
section  characteristics  evaluated,  then  the  stress  calculation  may  be  made, 
corrected  by  the  stress  concentration  factor  (K^).  The  expressions  for 
static  or  impact  stress  resulting  from  three  elemental  loading  conditions 


are: 


S  ,  —  (K  ) 
area  t 


for  tension,  compression,  or  direct 
shear 


bending  moment  ,K  \ 
section  modulus  v 


for  bending 


and 


torque  ^  \ 

polar  section  modulus  t 


for  torsion. 


The  subsequent  comparison  of  the  stress  resulting  from  the  loading  conditions 
divided  into  the  "allowable  stress"  yields  a  safety  factor,  or  safety 
margin. 


Factor  of  Safety  = 


allowable  stress 
actual  stress 


and 


Margin  of  Safety  =  factor )  '  1  in  percent. 

IUvJ 


Stress  calculations  involving  static  loads  or  impact  loads  which  have  been 
reduced  to  equivalent  static  force  may  be  made  directly  using  a  value  for 
Kj.  which  best  represents  the  geometry  of  the  discontinuity.  TTie  Kj.  factor 
is  a  handbook  val  xe  relating  to  form  and  loading  method,  as  outlined  pre¬ 
viously.  The  resulting  stress  calculation  is  conservative  for  shock  since 
increasing  strain  rate  is  beneficial  to  material  strength  and  structural 
response. 

Perhaps  the  use  of  the  geometric  stress  concentration  factor  may  best  be 
illustrated  by  example.  Suppose  we  were  faced  with  the  design  of  a 
stepped  shaft  loaded  in  tension  as  shown  in  the  figure.  Also  shown  is  a 
typical  plot  of  the  Kt  factor  in  terms  of  the  geometric  parameters  of  the 
shaft.  (16)  If  we  assume  a  mild  steel  material  with  an  ultimate  tensile 
strength  of  120  ksi  (kips  per  square  inch),  and  yield  strength  of  SO  ksi, 
and  further  assume  an  axial  load  of  1C  kips  (10,000  lbs),  we  are  in  a 
position  to  calculate  a  safety  margin  for  this  shaft.  For  the  geometry 
shown  in  the  sketch,  we  may  calculate  the  r  d  and  h/r  ratios  to  be  0.25 
and  4.0  respectively.  Projecting  the  h  r  =  4.C  curve,  we  see  that 
will  be  about  1.55. 


VOLUME  III 


The  stress  calculation  for  the  axial  load  will  be; 
S  =  £  (Kt)  or  79  ksi. 


The  safety  factor  nay  then  be  calculated; 


F.S 


120  kal 
79  ksi 


1.52  based  on  the  ultimate  strength. 


The  safety  margin  (on  ultimate)  will  be  52$.  The  margin  based  on  the 
material  yield  strength  will  be  virtually  zero.  If  the  stress  concentra¬ 
tion  factor  had  been  ignored,  we  would  have  calculated  a  safety  factor  of 
1.57  on  yield  and  2.36  on  ultimate,  a  margin  which  we  might  find  acceptable. 
The  true  stress  at  the  shaft  shoulder  which  we  calculate  with  the 
factor,  shows  us  that  yielding  will  probably  occur  at  the  radius,  a  situ¬ 
ation  which  may  not  be  acceptable.  The  designer  must  realize  the  impor¬ 
tance  of  considering  the  stress  amplification  effect  in  evaluating  the 
true  safety  margin  in  a  stressed  section. 


t 

<V 

Values 


TYPICAL  GEOMETRIC  EFFECT 


d  =  0.50  in. 

D  =  1.50  in. 

h  =  0.50  in. 

r  =  0.125  in 


Sure  =  120  ksi 

Sre  =  80  ksi 

P  =  10  kips 


SOLID  CIRCULAR  SHAFT  IN  THJSION:  The  stress  in  a  shaft  with  a  shoulder 
may  be  magnified  by  20$  to  150$  for  icotanon  geometric  situations. 
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Section  3  —  Stress  Amplification  in  Structural  Members 
STRENGTH  CALCULATIONS  FOR  MEMBERS  SUBJECTED  TO  REPEATED  LOADS 


The  strength  calculation  for  fatigue  situations  involves  the  fatigue  reduction  factor 
K  and  the  material  characteristic  q.  Further,  the  par  value  for  endurance  limit  is 
deteriorated  by  load  category,  member  size,  and  surface  finish,  effects  which  may  be 
evaluated  by  efficiency  factors. _ 

Stress  calculations  for  repeated  loading  conditions  must  involve  the  fatigue 
reduction  factor  K„.  Unlike  K  ,  K  is  a  strength  reduction  factor  used  to 
modify  the  material  fatigue  strength,  or  endurance  limit.  Most  endurance 
limit  data  is  measured  under  laboratory  conditions  on  small,  highly  polished 
specimens,  loaded  in  reverse  bending.  Hie  value  thus  collected  is  generally 
higher  than  a  value  for  the  same  material  under  actual  service  conditions. 

The  factor  must  therefore,  be  modified  by  a  set  of  efficiency  factors 
which  tend  to  further  reduce  the  usable  endurance  limit  of  the  material. 

Hie  first  of  these  efficiency  factors  compensates  for  the  loading  method. 
Endurance  limit  data  is  classically  taken  in  bending.  Axial  and  torsional 
loadings  are  known  to  reduce  the  limit  by  15$  and  42$  respectively. 

A  reasonable  efficiency  factor  relating  loading  condition  then,  may  be  taken 
as;  bending,  100$;  axial,  85$;  and  torsional,  58$. 

A  second  deleterious  effect  is  member  size.  Stress  concentration  has  been 
shown  to  increase  with  size,  particularly  in  bending  and  torsion;  axial 
loading,  however,  has  a  negligible  effect.  A  reasonable  estimate  of  the 
size  efficiency  factor  for  bending  and  torsion  is  85$.  (l6) 

Hie  effect  of  surface  finish  on  endurance  limit  is  known  to  be  severe,  and 
further,  is  known  to  vary  with  strength  for  typical  structural  materials. 
Illustrated  is  the  reduction  of  endurance  limit  for  a  sampling  of  manufact¬ 
uring  methods,  for  a  range  of  material  tensile  strengths.  The  surface 
efficiency  factor  may  then  be  picked  from  the  plot  to  match  the  particular 
conditions. 

Hie  best  estimate  of  K^,  is  obtained  in  the  lab  by  duplicating  the  size, 
material,  finish,  and  geometry  of  the  actual  element,  and  conducting  a 
fatigue  test  with  the  same  loading  conditions.  Without  this  alternative, 
the  designer  may  estimate  by  calculating  in  terms  of  K  and  q,  and  reduce 

the  endurance  limit  by  the  other  efficiency  factors.  A  value  for  the  material 
notch  sensitivity  (q)  may  be  taken  from  the  figure,  which  normalizes  material 
hardness  and  notch  sensitivity.  K  ,  the  geometric  stress  concentration 
factor,  may  be  taken  from  the  handbooks  as  previously  discussed.  may  then 
be  calculated  from  the  expression: 

Kf  =  1.0  *  (Kt  -  1)  q,  (3)  (l6) 

which  yields  an  estimate  of  the  strength  reduction  factor  relative  to  a 
laboratory  specimen.  Hie  K'  factor  must  then  be  corrected  for  the  difference 
between  the  laboratory  specimen  and  the  service  member  in  terms  of  loading 
category,  size,  and  finish,  as  follows: 

Corrected  Kf  =  (E^)  (E8ize)  (Eflnl8h). 
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The  factor  of  safety  nay  then  be  evaluated: 

„  „  endurance  limit  /„  » 

•  calculated  stress  ( f1’ 

It  Is  Important  for  the  designer  to  note  that  the  fundamental  difference 
between  calculations  involving  K.  and  Kf  Is  that  K  operates  on  the  stress 
calculated  to  be  present  In  the  loaded  member,  while  K„  modifies  the 
material  characteristic  of  fatigue  strength. 


NOTCH  SHJSmVITY:  The  effect  of  material  sensitivity  to  notches  and  dis¬ 
continuities  is  factored  into  the  stress  calculation.!1") 
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•  Ueing  Force  Flow  Lines  to  Visualise  8tress  Concentration 

e  Optimising  Neterlnl  Characteristics,  Bent  Treateant, 
and  Surface  Protection 

e  Some  Suggestions  for  Inprorlng  Stress  Concentration 
Kffects  In  Bslstlng  Structure 

e  Seducing  Stress  Concentration  In  Welded  Joints 


Stress  ■gUficatloa  fr—  notches,  boles,  ieem  pa— la,  ud  othv  design  necessities 
ngr  to  tfftHinljr  vieuelired  toy  fare*  flaw  Hum,  analogous  to  fluid  itr— linn 
Otoro  tto  liRM  concentration  Inflnmnrs  la  qualitatively  setl—tad,  design  (topi 
1HT  ^ law  affects. _ 

It  la  mpparant  that  all  str—  concentration  affaeta  Mgr  not  toa  eliminated 
la  axgr  practical  c^ulpaant  package.  The  raal  design  task  la  ana  of  learning 
to  evaluate  thalr  affact  in  a  conelaa  aannar  and  taka  atapa  to  lira  with 
tha  aapilfled  itraaa  or  reduced  aatarlal  capability.  A  tharoutfk  knowledge 
of  tto  factcra  influecrl  ng  tha  atraaa  coneantratlon  affact  will  of  course 
toa  a  valuable  aid  la  ac—odating  tha  affact.  Obvlo— ly,  tha  —are  rigor¬ 
ously  tha  dsstgnsr  la  able  to  calculate  tha  raducad  margin,  tha  cloeer  ha 
nay  work  to  tto  ultiaata  strength  or  anduraesa  Unit. 

Structural  intuition  la  tha  roat  Important  tool  available  to  tote  designer 
at  tha  outaat  of  a  packaging  problem.  This  intuitive  Judgement  any  toa 
strengthened  toy  vlaaalislng  tha  linaa  of  farea  flow  in  tha  ragicn  of  a  atraaa 
ralaar.  Thaaa  flow  linaa  arc  roughly  analogous  to  fluid  atraaal  1  naa  of  flew 
aalatlag  in  a  vaaaal  hawing  tha  sa—  gsonstry  as  tha  atructwa  In  tha 
vicinity  of  the  discontinuity,  the  fluid  flow  linaa  tand  to  rnnaln  straight 
rwilaaa  leaded  toy  an  obstruction,  where  they  are  throttled  together  as  they 
paas  tha  obatruction.  Similarly,  linaa  of  force  are  crowded  together  at 
tha  1 —ad late  vicinity  of  a  notch,  tha  elongation  necessary  for  tha  force 
11—  to  raaala  within  the  section  causae  tha  distortion  of  tha  11—  to  extend 
Into  tha  etraeeed  section,  thus  tha  atraaa  amplification  la  produced, 
extending  Into  a  mmtoar  far  a  finite  distance  from  tha  discontinuity,  and 
originating  at  tha  outer  fiber  of  tha  structure  81— a  flaxtoml  and  torsional 

atraaa  are  —win—  at  the  outer  fiber  of  tha  section,  and  neat  acre tehee  and 
accidental  atraaa  reisers  are  predominantly  surface  affects,  tha  combination 
of  tha  two  influences  causes  a  war led  decrease  in  strength. 


the  daaignar  must  choose  the  optla—  location  far  a  necessary  discontinuity 
with  case,  baaing  his  decision  on  force  lines  through  tha  area.  Fasteners, 
for  example,  are  necessary  evils  which  can  cau—  much  la—  stress  aa^llfl ca¬ 
tion  If  they  are  located  in  areas  of  mini— 1  atraaa.  Fleeing  a  holddown 
bolt  at  the  apex  of  a  reentrant  corner  is  a  ccnmoo  design  error;  locating 
the  sane  bolt  a  few  11a— t  era  away  fren  the  corner  can  achieve  the  sa— 
functional  affact  while  avoiding  the  compound  aspects  of  two  stress  miner a. 
The  important  paint  hare  la  this:  don't  double  up  on  stress  discontinuities, 
since  thalr  effect  will  he  additlvw.  Visualise  tha  Hues  of  force  flow 
throu£i  the  area  whan  choosing  tha  location  of  boles  and  openings;  allow 
at  lsast  four  dla— ters  betwsen  discontinuities. 

B»e  concept  of  force  flow  lines  nay  also  toe  useful  to  the  designer  when  s 
pattern  of  hoi—  or  notches  is  required.  Similarly,  any  needed  change  in 
geo— try  should  toa  faired,  and  accomplished  as  smoothly  as  potsltols.  These 
Ida—  are  illustrated  in  the  accompanying  figures.  The  uxmeeued  materiel 
(shown  at  the  right)  may  be  isolated  toy  adding  adjacent  grooves  or  holes, 
thus  mitigating  the  notch  toy  reducing  the  abruptness  of  the  change  in 
direction  of  the  force  lines.  Similarly,  the  familiar  problem  of  a  shoulder 
in  a  shaft  aay  toe  lessened  toy  the  series  of  — tarlal  removal  operations 
illustrated  in  tha  figure. 

Force  flow  lines  nay  toe  further  investigated  toy  photoelastic  aodellng 
techniques.  This  method  utilises  the  interference  characteristics  of 
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polarized  light  rays  traveling  through  transparent  models  under  stress. 
Regions  of  stress  concentration  ore  Indicated  by  close  spacing  of  the 
interference  fringes. 


FORCE  FLOW  UNELi:  Visualization  of  the  force  line  patterns  by  analogy 
to  fluid  flaw  in  a  stressed  section  is  a  powerful  design  tool.'^°) 
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Section  4  -  Minimizing  the  Stress  Amplification  Effect 

OFTOOZOD  MAHSUAL  CHARACTHUSTICS,  HEAT  OSEAIMBIT,  AM)  SURFACE  PROTECTION 


Fatigue  strength  may  be  enhanced  and  notch  sensitivity  reduced  by  careful  application 
of  heat  treatment  and  surface  hardening  techniques. _ 


The  elimination  or  mitigation  of  the  geometric  stress  concentration  effect 
Is  largely  one  of  operating  on  the  stress  raiser  Itself,  or  at  least 
evaluating  Its  effect.  Conversely,  the  fatigue  strength  reduction  factor 
K.  relates  to  those  aaterlal  characteristics  that  Influence  the  notch 
sensitivity  of  the  structural  alloy.  For  this  reason,  the  physical 
metallurgy  of  the  aaterlal,  its  heat  treatment,  and  particularly  Its 
surface  treatment,  have  a  pronounced  Impact  on  the  strength  reduction  factor 
for  repeated  loading  conditions. 

Ihe  heat  treatments  most  caax>nly  specified  for  structural  alloys  are  those 
that  affect  tft«  entire  section,  such  as  precipitation  hardening,  quench 
hardening,  annealing,  or  tempering;  or  those  that  treat  the  surface  of  the 
material  such  as  nitriding,  carburizing,  or  anodizing.  lhe  tensile  strength 
of  most  structural  alloys  is  Improved  by  heat  treatment;  fatigue  strength, 
on  the  other  hand,  does  net  Improve  at  the  same  rate.  Indeed,  some  alloys 
show  a  decrease  In  fatigue  strength  above  a  critical  hardness  value.  It  is 
apparent  that  only  uncertain  correlation  exists  between  tensile  strength 
and  fatigue  strength,  and  thus  the  factors  that  Influence  and  Improve 
material  hardness  and  tens.le  properties  are  of  minor  Importance  to  the 
fatigue  problem.  A  susao&ry  of  the  available  data  Indicates  that  the  endurance 
limit  for  most  structural  alloys  ranges  from  25)6  to  50)1  of  the  ultimate 
tensile  strength,  w) 

Grain  size  is  Indeterminate  as  It  affects  stress  concentration.  It  is 
generally  accepted  in  the  literature  that  fine  grained  materials  have  better 
fatigue  resistance,  and  subsequently  less  notch  sensitivity,  than  do  coarse 
grained  materials  at  comparable  strength  levels.  lhe  design  criteria  for 
grain  size  would  Involve  the  specification  of  a  fine  grained  material  If 
possible,  and  would  protect  the  grain  characteristics  that  are  Inherent  In 
the  alloy  by  avoiding  those  heat  treatment  operations  that  are  conducive 
to  grain  growth,  (Some  heat  treatments,  such  as  prolonged  soaking  at 
elevated  temperatures,  cause  grain  coarsening. ) 

Microscopic  Inclusions  in  structural  alloys  generally  have  a  detrimental 
effect  on  the  material  fatigue  strength.  Nonoetalllc  inclusions,  slag,  and 
other  nonmalleable  microscopic  particles  are  In  themselves  stress  raisers 
as  they  interfere  with  the  stress  flow  lines  of  the  section.  Precipitation 
hardened  alloys,  such  as  some  of  the  aluminum  alloys,  exhibit  hard  miscro- 
■coplc  particles  that  are  rejected  from  the  atomic  matrix.  During  cooling, 
these  particles  contract  at  a  different  rate  than  the  parent  material, 
causing  a  residual  stress  situation,  tending  to  counteract  the  stress 
raiser  effect. 

Surface  hardening  techniques  are  often  helpful  in  raising  fatigue  strength, 
but  are  not  always  predictable,  and  are  sometimes  harmful.  Occasionally, 
the  discontinuity  or  nucleus  for  a  fatigue  crack  will  exist  in  the  area 
between  the  case  and  core  material  In  a  surf  ace -hardened  member.  Conversely, 
notched  specimens  have  been  shown  to  exhibit  Improved  fatigue  strength  after 
nitriding,  provided  the  nitriding  operation  was  accomplished  after  the 
structure  was  notched.  Deep  carburizing  and  subsequent  hardening  and 
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tempering  can  provide  even  greater  fatigue  strength  improvement  than 
nitriding.  The  danger  Ilea  In  the  potential  overloading  of  the  core 
material  rather  than  the  hardened  case.  Local  yielding  could  then  occur 
under  the  'ase,  causing  subsequent  fatigue  failure  from  spalling.  In 
general,  a  through-hardening  alloy  is  more  consistent  and  more  predictable 
a  material  for  basic  structure  subjected  to  dynamic  loads. 


RANGES  of  fatigue  strength  for  various  material 
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ENDURANCE  LIMITS:  The  fatigue  resistance  of  many  common  structural 
alloys  may  be  estimated  (with  car^)  on  the  basis  of  beat  treatment 
or  ultimate  tensile  strength.  (H/ 
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Section  1*  —  Minimizing  the  Stress  Amplification  Effect 


SOME  SUGGESTIONS  FOR  IMPROVING  STRESS  CONCENTRATION  EFFECTS  IN  EXISTING  STRUCTURE 

Reducing  stress  concentration  in  existing  structure  without  an  extensive  rework  is  a 
formidable  design  task.  There  are  a  few  effective  approaches  available  to  the 
engineer  which  may  solve  some  marginal  sltratlons, _ 


Frequently,  the  packaging  engineer  is  confronted  with  the  problem  of  design¬ 
ing  a  fix  for  a  member  which  has  failed  under  dynamic  load  where  the  failure 
has  progressed  from  a  stress  raiser.  Stress  concentrations  have  a  way  of 
compounding  a  critical  stress  situation  either  by  accident  or  analytical 
oversight.  Designing  around  this  handicap  without  ordering  a  major  rework 
or  redesign  is  a  formidable  task  which  will  tax  the  designer's  ability. 

Many  fatigue  failures  result  from  stress  raisers  that  are  more  severe  than 
estimted,  or  are  being  magnified  by  other  discontinuities  in  the  area  such 
as  tool  marks.  A  first  fix  in  this  case  would  involve  the  smoothing,  fairing, 
and  polishing  of  the  stressed  area  to  minimize  the  stress  amplification  as 
much  as  practical.  If  the  geometry  of  the  member  is  such  that  the  notch 
must  remain,  then  additional  approaches  may  be  indicated.  The  introduction 
of  a  residual  compressive  stress  in  the  region  of  the  concentration  will 
generally  raise  the  effective  fatigue  limit.  This  may  be  accomplished 
by  shot  peening,  work  hardening,  local  hardening,  or  a  complete  surface 
hardening  process  such  as  nitriding.  Thus  it  is  usually  helpful  to  mechan¬ 
ically  work  fillets  and  grooves,  roll  machine  cut  threads,  ream  drilled 
holes,  and  generally  work -harden  the  member.  This  is  particularly  effective 
in  materials  that  have  a  high  capacity  for  strain  hardening. 

The  removal  of  material  adjacent  to  a  stress  raiser  may  fair  out  the  force 
lines  to  the  extent  that  amplification  is  reduced  to  an  acceptable  level. 
Sh'urp  corners  and  shoulders  often  may  be  relieved  by  removing  some  material 
from  the  shoulder  or  undercutting  the  face  to  smooth  out  the  abrupt  change. 

The  material  properties  may  frequently  be  improved  by  Judicious  use  of  heat 
treatment.  Surface  treatments  may  be  effective,  such  aB  nitriding  or  flame 
hardening  in  the  vicinity  of  the  notch. 

The  presence  of  corrosion  may  be  the  unexpected  by-product  of  the  working 
environment.  The  deterioration  of  the  surface  of  a  member,  particularly 
one  loaded  in  flexure,  will  often  serve  to  magnify  already  existing  stress 
raisers.  The  solution  here  is  one  of  insulating  the  sensitive  surface  from 
the  corrosive  effects  of  the  environment  by  a  hard  finish  such  as  anodizing, 
or  an  inert  coating  material. 
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SOME  SUGGESTIONS  FOR  DiPROVING  STRESS  CONCENTRATION  EFFECTS  IN 
EXISTING  STRUCTURE. 

1.  REDUCE  COMPOUND  STRESS  RAISER  EFFECTS 

•  Add  gussets  and  fairing  material  where  practical 

•  Smooth  surfaces  in  region  of  critical  stress 

•  Remove  tool  marks,  scratches,  and  other  surface  blemishes 

•  Remove  surface  decarburized  material 

•  Look  for  quenching  cracks 

2.  MITIGATE  STRESS  RAISER  HI  MATERIAL  REMOVAL 

•  Add  notches  of  diminishing  size  adjacent  to  principal  stress  raiser 

•  Remove  material  to  reduce  abrupt  section  changes 

•  Undercut  shoulders  with  generous  radii 

•  Dress  weld  beads  at  critical  locations 

3.  HEAT  TREAT  TO  IMPROVE  MATERIAL  CHARACTERISTICS 

•  Surface  treatment,  parti cularily  for  members  in  bending  and  torsion 

-  Light  case,  such  as  anodize  or  nitride 

-  Deep  case,  such  as  carburize  or  aerocase 

•  Through  section  treatment  to  improve  strength,  ductility,  sensitivity 

-  Anneal  or  normalize  to  relieve  residual  tensile  stresses 

-  Harden  and  temper  to  upgrade  strength  and  fatigue  limit 

-  Selected  heat  treat  to  reduce  notch  sensitivity 

4.  STRAIN  HARDENING  BY  MECHANICAL  WORK 

•  Shot  peening,  rolling,  hammering 

•  Work  harden  critical  fillets,  grooves,  radii 

•  Roll  critical  machine-cut  threads 

•  Ream  or  broach  critical  drilled  holes 

•  Burnish  rough  surfaces 

•  Develop  residual  compressive  stress  wherever  practical 

5.  PROVIDE  ENVIRONMENTAL  PROTECTION  OR  LIMITATION 

•  Corrosion  protection  by  coating,  plating,  painting,  cladding 

-  Reduce  surface  and  intergranular  effects 

-  Insulate  from  water  attack,  particularly  salt 

•  Temperature  insulation 

-  Avoid  creep-fatigue  interaction 

-  Above  300°F  temperatures  become  significant 

6.  IMPROVEMENT  OF  CRITICAL  ELEMENTS  ONLY 

•  Select  optimum  material  and  heat  treatment 

•  Design  in  more  fillet  and  radii  material 

•  Improve  fastener  pattern 

•  Reduce  load  concentration. . .more  bearing  area 

•  Eliminate  rubbing,  scoring,  fretting 

•  Improve  lubrication 

•  Redistribute  high  stresses  away  from  discontinuities 

•  Use  direct  load  paths.... avoid  bending  and  torsion  _ 
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Section  4  -  Minimizing  the  Stress  Amplification  Effect 
REDUCING  STRESS  CONCENTRATION  IN  WELDED  JOINTS 

>  r 

Correct  welding  techniques  are  essential  to  minimize  stress  concentrations  in  a 
welded  connection.  Some  practical  suggestions  are  offered  for  welded  steel  members 
subjected  to  repeated  loading. _ 


Geometrical  Effects  and  Design  Considerations* 

DO 

•  Change  sections  gradually  and  avoid  re-entrant  corners.  Where  welding 
Joins  different  thickness  of  plates,  or  sizes  of  plates  or  sections, 
provide  a  gradual  transition. 

•  Grind  butt  velds  flush  and  smooth. 

•  Use  butt  Joints  instead  of  lap  Joints. 

•  Extend  cover  plates  on  beams  well  beyond  theoretical  cutoff  points. 

•  Align  parts  to  avoid  eccentricity. 

•  Join  parts  of  unequal  stiffness  with  a  gradual  transition. 

•  Streamline  fillet-welded  Joints. 

•  Give  preference  to  strictures  with  multiple  load  pathB,  in  which  a 
fatigue  crack  in  any  one  of  several  key  members  is  not  likely  to 
precipitate  sudden  collapse  of  the  whole  structure. 

•  Plan  welding  sequence  to  avoid  shrinkage  cracks  and  other  weld  defects 
as  well  as  excessive  deformation. 

•  Locate  welded  Joints  where  fatigue  conditions  are  not  severe. 

DON'T 

•  Use  plug  or  slot  welds;  Instead,  use  a  hole  or  Blot  of  adequate  size 
with  a  fillet  weld  all  around. 

•  Use  Joints  having  large  local  variations  in  ability  to  deform  under  the 
applied  load.  For  example,  don't  butt-weld  a  beam  to  an  unstiffened 
column  flange;  the  edges  of  the  column  flange  can  deform  easily, 
causing  the  part  of  the  butt  weld  opposite  the  flange  to  be  overstressed . 

•  Intioduce  high  restraint  in  localized  regions. 

•  Attach  fittings,  handles,  and  bosses,  or  make  openings  at  locations  of 
hi#.  stress. 

•  Specify  excessive  welding. 


*  Prepared  by  the  Subcommittee  on  the  Fatigue  of  Welded  Joints, 
Committee  of  the  Welding  Research  Council.'10) 
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Metallurgical  and  Fabrication  Considerations* 

DO 

•  Use  welding  procedures  and  methods  that  will  eliminate  Internal  defects, 
such  as  microcracks,  gas  pockets,  and  slag  Inclusions,  as  well  as 
excessive  surface  ripples  or  roughness.  In  some  cases,  it  may  be  ad¬ 
visable  to  use  low-hydrogen  electrodes  or  submerged  arc  welding,  or  to 
pre-heat  or  administer  a  suitable  post-heating  treatment.  Some  steels 
should  be  welded  only  with  low -hydrogen  electrodes  on  submerged -sure. 

•  In  welded  joints,  avoid  undercutting,  cracks,  spatter,  and  other  sur¬ 
face  imperfections  which  might  serve  as  stress  raisers. 

•  Machine  or  otherwise  dress  the  weld  at  critical  locations,  if  necessary, 
to  obtain  satisfactory  smoothness. 

•  Provide  proper  maintenance,  including  adequate  protection  against  cor¬ 
rosion,  wear,  abuse,  overheating,  improper  lubrication,  and  repeated 
overloading. 

•  Use  multipass  cascade  welding  in  making  fillet  welds  on  thick  material. 

DON’T 

•  Leave  incomplete  root  penetration. 

•  Use  intermittent  welding. 

•  Leave  end  defects  in  fillet  welds. 

•  Peen  the  first  layer  of  a  weld.  Welds  on  steels  with  no  pronounced 
yield  point,  such  as  ASTM  A  5l4,  may  be  peened  after  the  first  layer; 
others  should  not. 


*  Prepared  by  the  Subcommittee  on  the  Fatigue  of  Welded  Joints, 
Committee  of  the  Welding  Research  Council.  (10) 
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Street  Concentration  _  In  an  elastic  material  it  the  abrupt  Increase  in 
stress  intensity  within  a  highly  localized  region,  apart  from  distri¬ 
buted  stress  variation  such  as  flexure. 

Stress  Raisers  —  The  form  irregularities,  discontinuities,  surface  defects, 
metallurgical  anomalies,  et.  al.,  which  cause  the  highly  localized 
stress  concentration  effect. 

Theoretical  (Geometric)  Stress  Concentration  Factor  -  A  multiplying  factor 
which  corrects  the  stress  calculated  by  simple  theory  to  more  closely 
agree  with  the  true  stress  in  the  area  of  the  stress  raiser.  It  is  the 
ratio  of  the  true  maximum  stress  to  the  stress  calculated  by  ordinary 
mechanics  using  the  net  section,  but  ignoring  the  artificial  change  in 
stress  distribution  due  to  the  notch. 

Elastic  Material  —  It  has  the  property  of  being  able  to  sustain  a  stress 
without  permanent  deformation.  The  material  further  has  the  character¬ 
istic  of  conformity  to  the  lav  of  stress-strain  proportionality,  within 
the  elastic  limit. 

Elastic  Modulus  or  Young's  Modulus  -  The  rate  of  change  of  stress  with 
respect  to  strain  within  the  proportional  limit.  The  property  is  thus 
measured  as  the  slope  of  the  elastic  portion  of  the  streBS-straln 
diagram  of  the  material. 

Elastic  Limit-  The  least  stress  which  will  cause  permanent  deformation  in 
in  an  elastic  material. 

Proportional  Limit  —  The  maximum  stress  which  a  material  can  sustain 
within  the  law  of  stress-strain  proportionality,  i.e.,  remain  elastic. 

Yield  Strength  —  The  stress  at  which  a  material  exhibits  a  specified 
permroent  set.  Yielding  in  a  material  is  the  plastic  deformation  of 
material  in  the  region  of  stress  which  has  exceeded  the  elastic  limit. 

Ultimate  Strength  -  Tensile  strength,  or  ultimate  tensile  strength,  is  the 
murirum  stress  that  the  material  can  sustain  without  fracture,  calcu¬ 
lated  on  the  basis  of  load/original  cross-sectional  area. 

Ductility  -  A  material  property  reflecting  the  amount  of  deformation 
(usually  plastic)  that  a  specimen  can  sustain  before  fracture.  This 
characteristic  is  proportional  to  the  extension  at  rupture  from  the 
stress-strain  diagram. 

Creep  -  The  continuous  increase  in  deformation  under  the  action  of  a  sus¬ 
tained  or  decreasing  stress.  In  cannon  structural  materials,  the 
phenomenon  is  usually  associated  with  stresses  at  elevated  temperatures, 
where  the  effect  is  more  pronounced. 

Fatigue  -  The  tendency  of  materials  to  fracture  from  progressive  cracking 
due  to  many  repetitions  of  stress. 

Fatigue  Strength  -  The  maximum  stress  that  a  material  may  sustain  without 
failure  for  a  specified  number  of  load  repetitions. 
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Endurance  Limit  -  The  stress  which  a  material  may  sustain  for  an  indefinite 
number  of  load  repetitions  without  failure. 

Stress  Concentration  Factor  in  Fatigue  -  (Or  fatigue  strength  reduction 
factor)  The  ratio  of  a  material's  fatigue  strength  without  a  notch  to 
the  same  material  with  a  notch.  It  is  thus  a  measure  of  the  effect  of 
the  notch  in  reducing  the  strength  of  the  material  under  repeated  load. 

Notch  Sensitivity  -  The  material  characteristic  which  relates  the  effect 
of  a  notch  or  discontinuity  to  the  material’s  physical  properties. 

Isotropic  -  The  material  characteristic  of  exhibiting  the  same  physical 
properties  in  all  directions.  The  term  is  commonly  applied  to  both 
strength  levels  and  elastic  characteristics. 

Resilience  -  The  ability  of  a  material  to  store  and  release  energy.  The 
property  is  analogous  to  the  area  under  the  elastic  portion  of  the 
stress-strain  diagram. 

Stress  —  The  internal  force  exerted  by  either  of  tvo  adjacent  parts  of  a 
body  upon  the  other  across  an  imaginary  plane  of  reparation.  Shear, 
c oppressive,  and  tensile  stresses,  respectively,  resist  the  tendency 
jf  the  parts  to  mutually  slide,  approach,  or  separate  under  the  action 
of  applied  forces. 

Strain  -  Is  manifest  as  any  forced  change  in  dimension  of  a  body  under 
the  action  of  a  force  or  unit  stress. 
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CECMXTRIC  EFF1CT8  -  SOME  TYPICAL  STRESS  COHCHTTRATICN  FACTORS 


Oeowstrlc 
Stress - 
Concentre 


Shaft  with  Shoulder 
Fillet  In  Bending 


-D/d  Ratio 
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STATIC  STRESS-CONCENTRATION  FAi 
COMPRESSION. (18) 


VOLUME  m  -  CHAPTER  4 
Section  S  -  Appendix 


i 


EXAMPLES  OF  DEBIGNS  TO  MINIMIZE  THE  STRESS  RAISER  EFFECT 


High  Stress 
Concentration 


Reduced_Stregs 

Concentration 


Large  Radius 


Counters  Ink  on  Plate  or  Lug 


1L 


Fretting 


■Thicker  Section 


T  Larger  Radius 


Clamped  Bar 


Threads  on  Shaft  or  Rod 

DESIGN  TECHNIQUES  FOR  REDUCING  STRESS  CONCENTRATION^ 
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EXAMPLE  OF  DBSIGKS  TO  MDOMIZE  THE  STRESS  RAISE  EFFECT  (Continued) 


DESIC3J  TECHNIQUES 
FOR  RH)UCIRG 
STRESS 

CONCETRATION  (l6 


Shafts  -  Collars  reduce  stress  concentration. 


Shafts  -  Relieving  groves  reduce  stress  concentration 
around  radial  hole. 


Holes  -  Small  holes  reduce 

stress  concentration 
around  large  hole. 


Groves  reduce  stress 
concentration  from 
sudden  dimensional  change. 


Comers  - 


"Streamlined"  fillets  for  various  types  of 
loading:  (a)  Plate  in  tension  or  compression 

(b)  Plate  in  bending  and  shaft  tensio 

(c)  Shaft  in  bending  or  tension,  such 
fillets  help  reduce  stress 
concentration  factors. 


Crankshafts 


Eccentric  internal  fillets  give  reduced  stress 
concentration. 
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WELDING  TECHNIQUES  FOR  STRESS 
CONCENTRATION  RHDUCTION(lO) 

(-) 


Joint 


Long! tudinal 
Flange- f o-Web 


Stress 
Ratio,  R 


Reduction* 

(percent) 


Longitudinal  0 

Attachment, 

Both  Ends  in 

Low  Stress  Regions  1 


Traverse 

Attachment,  0 

Full  Width  on 
One  End  in 
Compressive- Stress 
Region  1 


Longi*  udiral 
Attachment, 

One  or  Both  Ends 
in  High  Stress 
Region 


Traverse  Tee 
Join*.  0 

No  Complete-  j 
Penetration  Welds  1 


Lap  Joint 


*  Compared  to  traversely  bu*t-velded  joints,  weld  reinforcemen* 
in  place. 

t  Plate  carrying  main  stress  is  interrupted  by  a  perpendicular  plate 
in  such  a  way  *hat  rroin  s*ress  must  he  transferred  through  the 
join* . 

$  Welded  only  on  sides  of  plate  parallel  to  direction  of  stress  in  plates. 
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EXAMPLES  OF  DESIGN  OVERSIGHT  WHICH  CAUSE  HIGH  STRESS  CONCENTRATION  AND 
SHWICE  FAILURE  (9) 


Oversight 


Result 


Eore  °-375  £“o  Dia 

1  Hole  Thru 


In  drafting,  hole  was 
shown  only  in  end 
view,  wnere  other 
details  had  been 
omitted . 


In  service,  fatigue 
cracks  developed  at 
feather  edges. 


In  drafting,  2  views  did 
not  show  complexity  of 
Intersection  of  'otnpound 
cuts. 


L* —  Mill  Cut  as  Shown 

Sawcut  this  flange 
to  face  of  other  flange 


In  drafting,  the  thread  runout 
at  undercut  did  not  show. 


cracks  developed  at 
feather  edges. 


In  service,  fatigue 
cracks  developed  at 
feather  edges. 
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Oversic 


Result 


Drill  and  Ream  0.375  Dia. 

“0. QUO 

Spot  Face  0.875  Dia. 

16  Holes 


7  EQ  SP 


In  drafting,  typical  short¬ 
cut  method  provided  all 
necessary  information  for 
fabrication,  allowing  for 
bolt-head  clearance  in 
next  assembly  as  well,  but 


In  service,  fatigue  cracks 
developed  at  feather  edges 
caused  by  intersecting 
spot  faces. 


0.125  x  1.00  x  30.00  Filler, 

1  required  -  to  be  centered 
by  bolt  hole. 

In  drafting,  only  one  view 
of  assembly  was  shown. 

Filler  of  minimum  allowable 
width  for  sufficient  edge 
distance  and  bearing  contact 
under  normal  loads  was 
called  for. 


-i.r 


0.500 


°-750  ma 
0.500  +  0.002  R 


In  drafting,  at  least  one 
possible  undesirable  combination 
of  tolerances  was  overlooked. 


In  service,  fatigue  cracks 
developed  around  bearing 
web  due  to  lack  of  solid 
practical  contact  across 
face. 


H° 


In  service,  fatigue  crack 
developed  at  feather  edge. 
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COHDITIORS  WHICH  RH5UCE  DYNAMIC  STRUCTURAL  INTEGRITY 


Stress  concentration  is  often  Increased  because  of  design  necessity,  accident,  or  poor 
technique,  or  factors  Inherent  In  the  material  of  the  structure.  (3 ; _ 


Source 

Stress  concentration  dv;  to 
improper  doslgn  ( ~\+ll  fillet 
radii  In  shafts,  changes  In 
sections,  etc. ) 


Stress  concentrations  due  to 
Improper  manufacturing  (file 
marks,  rough  machined  surfaces, 
etc. ) 

Residual  tensile  surface 
stresses  induced  by  grinding, 
cold  forming,  or  assembly  method. 


Fretting  or  galling  of  surfaces 
that  are  simultaneously  sub¬ 
mitted  to  fatigue  stresses. 


Corrosion 


Plating 


Importance 

Reduction  In  fatigue  strength 
depends  on  the  geometric  factor 
and  the  sensitivity  of  the  material 
to  notches.  Reduction  can  be  as 
high  as  75  percent. 

Difficult  to  evaluate  since  geom¬ 
etry  of  notches  is  usually  non¬ 
standard.  Fifty  percent  loss  in 
fatigue  strength  is  not  uncommon. 

Improper  grinding  may  introduce 
very  high  tensile  stresses,  causing 
a  loss  of  fatigue  strength  of  10  to 
15  percent.  Although  beneficial 
compressive  stresses  can  be  intro¬ 
duced  by  cold  forming,  tensile 
stresses  are  sometimes  produced, 
causing  a  loss  of  fatigue  strength. 
Tensile  stresses  induced  by  mechan¬ 
ical  assembly  methods  usually  have 
an  adverse  effect  on  fatigue 
strength. 

Fretting  or  galling  can  result  in 
a  fatigue-strength  loss  of  up  to 
80  percent.  Most  clamped,  bolted, 
or  riveted  Joints  are  subject  to 
this  condition. 

Corrosion  caused  by  moisture  or 
liquids  can  reduce  fatigue  strength 
by  as  much  as  75  percent.  Most 
metals  require  an  adequate  surface 
protection. 

Plating  usually  reduces  the  fatigue 
strength  of  a  part,  the  amount 
depending  on  the  type  of  plating, 
the  thickness  of  the  plate,  the 
method  of  plating,  and  the  embrit¬ 
tlement-relief  treatment.  Chrom¬ 
ium  plating  in  some  instances  can 
cause  a  large  loss  in  fatigue 
strength. 
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Source 

Surface  conditions  introduced  by 
heat  treatment  (oxide  penetra¬ 
tion,  decarburization.,  etc.) 


Size 


Speed 


Shape 


Inclusions  in  Materials 


Importance 

Only  by  the  most  careful  control 
can  the  surface  be  protected  during 
the  heat-treating  process.  These 
anomalies  often  form  the  nucleous 
for  a  fatigue  failure. 

Most  published  fatigue  data  on 
materials  are  based  on  small  labo¬ 
ratory  specimens  which  do  not  ade¬ 
quately  2valuate  the  fatigue 
strength  of  large  parts.  large 
parts  may  be  weaker  than  small  test 
specimens  by  more  than  10  percent. 

Although  strain  rate  ordinarily  has 
only  a  minor  effect  on  fatigue  life, 
very  high  or  very  low  speeds  usually 
reduce  fatigue  strength. 

It  has  been  found  that  the  shape  of 
a  part  has  some  Influence  on  its 
fatigue  strength.  Rectangular 
specimens  may  be  up  to  30  percent 
weaker  than  round  ones. 

Nonmetallic  inclusions  In  high 
strength  steels  may  reduce  fatigue 
strength  to  a  point  considerably 
below  that  of  relatively  inclusion- 
free  steels. 


f 
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CHAPTER  5 
FATIGUE 


ABSTRACT: 

Fatigue  life  largely  determines  the  useful  life  of  most  structural 
packages  subjected  to  repeated  loadings.  The  usual  structural  fracture 
associated  with  prolonged  vibration  (and  in  some  cases  repeated  light 
shock  impulses)  is  a  fatigue  failure.  Certain  types  of  short  term  over¬ 
load  also  have  a  deleterious  effect  on  fatigue  life,  and  hence  equipment 
life. 

The  intent  of  this  chapter  is  to  outline  the  nature  of  the  fatigue 
phenomena  and  define  the  engineering  terms  normally  used  to  describe  it. 
Analytical  methods  are  also  presented  to  model  the  structural  fatigue 
damage  potential  during  sine  and  random  excitations. 

The  major  portion  of  this  chapter  is  devoted  to  the  design  aspects  of 
fatigue  resistance.  The  discussion  includes  the  influence  of  size, 
stress  concentration,  improved  relative  stiffness,  improved  damping  and 
natural  frequency  parameters,  and  the  general  design  engineering 
approaches  to  increased  fatigue  strength  and  reduced  fatigue  stress. 
Design  methods  are  discussed  for  reducing  the  effects  of  fretting, 
scoring,  corrosion,  and  6tress  concentration  in  structural  systems. 
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The  Meaning  of  Fatigue  in  Electronic  Equl 
Package 


HI  -  CHAPTER  5 
I  -  Introduction 


M  foam;  or  fatigue  nr  electrcbic  Bouinoorr  packages 


Potential  are—  of  fatigue  fsdlure  need  attention  early  In  the  design  ph««» 


VbmX  la  fatigue?  A  structure  which  la  subjected  to  varying  loads  can  fall 
at  stress  levels  well  below  those  which  cause  static  failure.  The  mechanism 
of  fatigue  failure  is  beyond  the  scope  of  this  guide.  Basically,  the 
fatigue  failure  starts  as  a  tiny  crack  (or  cracks)  which  grows  with  succes¬ 
sive  alternating  loads  and  thus  reduces  the  strength  of  the  part.  Eventually 
the  strength  is  reduced  to  the  point  where  the  loads  present  cause  the 
remaining  Material  to  rupture. 

Why  is  fatigue  lnportantT  A  fatigue  failure  is  particularly  dangerous 
because  it  given  the  appearance  of  occurring  without  warning  after  the 
structure  has  apparently  functioned  successfully  for  some  period  of 
tine.  Any  structure  which  is  subjected  to  repeated  loads  (such  as 
loading  and  unloading,  repeated  shocks,  or  vibration)  is  a  potential 
candidate  for  fatigue  failure. 

What  can  be  done  about  fatigue?  The  tine  to  worry  about  fatigue  failure 
is  during  the  design  phase. The  mistake  of  allowing  a  fatigue  problem 
bo  get  into  the  finished  product  can,  at  best,  be  expensive  and  in  the 
worst  extreme,  be  disastrous. 

The  general  design  practices  outlined  in  this  chapter  can  help  to 
eliminate  aost  fatigue  problems.  Where  potential  fatigue  problesm 
exist  in  critical  components,  the  designer  is  advised  to  take  the 
additional  precaution  of  seeking  the  assistance  of  the  fatigue,  stress, 
and  Metallurgical  experts. 
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THE  STRUCTURAL  FATIGUE  CURVE:  Fatigue  strength  is  represented  by  the 
classic  S-N  curve. 
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•  The  8-1  Curve  and  the  Constant  Life  Diagram 

•  Loading  Conditions  and  Fatigue  Strength 

•  Cmilatlve  Dsaage  -  Miner's  Rule 
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THE  S-N  CURVE  AHD  THE  COHSTAIfT  LIFE  DIAGRAMS 


The  fatigue  characteristics  of  an  engineering  material  subjected  to  repetitive 
loadings  may  be  conveniently  defined  in  terms  of  an  S-N  curve  and  constant  life 


diagrams. 


The  S-N  Curve:  The  results  of  a  typical  fatigue  test  are  presented  In  the 
S-N  curve  in  the  adjacent  figure.  Curves  for  various  materials  under 
several  test  conditions  arc  also  available  in  the  referenced  literature. 

It  is  important  for  the  designers  to  select  an  S-N  curve  whose  conditions 
closely  match  those  to  which  the  design  item  will  be  subjected.  For 
example,  it  can  be  seen  that  the  stress  ratio  (R)  has  a  severe  effect  on 
the  fatigue  life.  The  fatigue  life  under  given  conditions  is  designated 
by  the  line  on  the  S-N  curve.  Conditions  to  the  right  of  the  line  (and 
above  it)  are  expected  to  result  in  failure.  The  fatigue  strength  line 
usually  represents  the  average  fatigue  life  to  fracture;  it  Bhould  be 
noted  that  there  is  considerable  scatter  in  the  fatigue  life  of  a  material, 
even  under  identical  test  conditions.  Therefore,  it  is  necessary  to 
provide  enough  of  a  safety  factor  to  assure  adequate  strength.  The 
designer  is  advised  to  consult  the  fatigue  expert  when  using  S-N  curves 
for  design  purposes. 

The  Constant-Life  Diagram:  The  constant-life  diagram  (or  the  modified 
Goodman  diagram)  is  a  sucnnary  plot  of  fatigue  data,  shown  in  the  lower 
figure.  The  data  lines  represent  the  number  of  cycles  t-j  fatigue  failure. 
If  the  point  designating  the  stress  conditions  Is  above  the  line  desig¬ 
nating  the  number  of  stress  cycles  to  be  encountered,  then  the  specimen 
Is  expected  to  fall.  Again,  the  statistical  uncertainty  of  most  of  the 
data  available  must  be  kept  in  mind.  Consult  an  expert. 

The  convenience  of  these  two  fatigue  life  diagrams  in  defining  the  param¬ 
eters  of  a  repetitively  loaded  structural  model  1b  illustrated  in  th; 
appendix.  Sample  problems  are  given  for  the  application  of  both  the  S-N 
curve  (page  5*5-8)  and  the  constant-life  diagram  (page  5.5-IO). 
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CHARACTERISTIC  S-N  CURVE  SHOWING  VARIOUS  STRESS  RATIOS  (6) 


_  .  .  .  Stress  Amplitude 

Ratl°  A  *  Mean  Str^S - 


Ratio  R  = 


Min.  Stress 


A  =  2.33  A  -  1 


Max.  Stress 

A  -  .25  A  =  0 


FATIGUE  PLOTS:  The  important  engineering  properties  showing  the  charac 
teristi:s  of  fatigue  in  structural  materials  are  visible  in  the  S-N  and 
Constant  Life  plots. 


5.2-1 


VOLUME  III  -  CHAPTER  5 

Section  2  -  The  Nature  of  Fatigue 


LOADING  CONDITIONS  AND  FATIGUE  STRENGTH 

") 

The  conditions  for  applying  the  varying  load  to  a  structure  greatly  affect  the 
fatigue  strength. 


The  fatigue  strengths  of  materials  are  obtained  by  subjecting  test  camples 
to  varying  loads  and  noting  the  conditions  which  cause  failure.  The  test 
conditions  of  importance  are  as  follows: 

1.  The  method  of  loading 

2.  The  stress  levels 

3.  The  number  of  stress  cycles  o 

4.  The  test  temperature 

5.  Complete  description  of  the  test  specimen. 

The  Method  of  Loading:  As  shown  in  the  accompanying  figure,  the  varying 
load  can  result  in  a  constant  amplitude,  completely  reversed  stress 
0,  a  constant  amplitude  plus  a  steady  stress  (§) ,  a  random  amplitude 
stress  0,  and  a  random  amplitude  plus  steady  stress  0.  Test  speci¬ 
mens  are  rarely  subjected  to  the  random  stresses  and  they  will  not  be 
discussed  here.  See  the  discussion  of  Cumulative  Damage  for  more  infor¬ 
mation  on  random  loading. 

The  Stress  Levels :  The  relationship  between  the  mean  (or  steady)  stress 
and  the  oscillating  stress  is  designed  in  terms  of  the  stress  ratio,  R, 

(the  ratio  of  the  minimum  stress  to  the  maximum  stress)  or  In  terms  of  A 
(the  ratio  of  the  stress  amplitude  to  the  mean  stress).  See  Equations 
1  and  2. 

The  Number  of  Stress  Cycles:  A  stress  cycle  occurs  when  the  stress  goes 
from  the  mean  to  the  maximum,  then  to  the  minimum  and  back  to  the  mean 
(illustrated  at  right).  The  number  of  cycles  a  specimen  has  undergone  at 
a  given  test  condition  is  n,  and  the  fatigue  life  at  that  condition  is  N. 

Other  Conditions:  The  results  of  a  fatigue  test  will  often  include  such 
information  as  the  test  temperature,  the  forming  process  and  heat  treat¬ 
ment  of  the  specimen,  the  surface  condition,  the  static  strength  properties 
and  the  rate  of  loading. 


Minimum  Stress 

Maximum  Stress 

(1) 

Stress  Amplitude 

(2) 

Mean  Stress 

for  completely  reversed  stress,  R  =  -1  arvi  A  =  *>. 


) 
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TYPES  OF  FATIGUE  LOADS:  Uie  manner  in  which  the  repetitive  load  is 
applied  to  the  structure  greatly  affects  its  fatigue  strength 
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CUMULATIVE  DAMAGE  -  MINER'S  RULE 


Miner's  Rule  provides  a  simple  method  for  evaluating  ;he  fatigue  damage  caused  by 
stress  occurring  at  different  levels. 


Miner's  Riue  hypothesizes  that  fatigue  damage  accumulates  in  a  linear  manner. 
As  shown  in  Equation  1,  the  damage  index  (D)  is  equal  to  the  summation  of 
the  ratios  of  the  number  of  applied  cycles  (n^)  to  the  theoretical  number 
of  cycles  to  failure  (%)  at  stress  (S^). 

For  loads  at  only  one  stress  level,  failure  is  expected  when  n  =  N  and 
the  damage  index  is  equal  to  1.  For  loads  at  various  stress  levels  (see 
accompanying  figure),  D  will  have  a  range  of  values.  According  to 
Reference  (7),  when  there  is  more  than  one  discrete  stress  level,  the 
index  D  can  vary  over  a  range  as  large  as  0.3  to  3*0»  depending  on  tie 
methods  of  testing.  This  variation  becomes  smaller  when  the  discrete 
loads  are  applied  by  increasing  and  decreasing  the  levels  or  when  the 
loads  are  applied  randomly.  Reference  (7)  states  that  with  various  stress 
distributions  the  damage  index  ranges  between  l/5  and  2/3,  with  most  of 
the  data  near  l/2. 


Two  lines  on  the  S-N  curve  Eire  of  particular  interest.  One  is  the  endur¬ 
ance  stress  (Sg),  also  known  as  the  endursmee  limit.  Bel  <w  this  stress, 
a  material  can  experience  an  infinite  number  of  stress  cycles  without 
failure.  Some  materials  do  not  have  an  endurance  limit.  The  other  level 
is  the  yield  stress  (Sy);  the  S-N  curve  becomes  horizontal  at  (or  Blightly 
above)  the  yield  stress  for  less  than  (approximately)  10,000  stress  cycles. 


The  adjacent  table  presents  a  typical  example  of  multi- leveled  stress 
applications.  S  is  the  applied  stress  (if  the  S-N  curve  is  a  plot  of 
peak  stress,  S  in  this  case  must  be  peak  stress),  n  is  the  number  of  cycles 
applied  at  that  stress  level  and  N  is  the  number  of  cycles  to  failure  at 
that  stress  level.  If  we  assume  for  this  example  that  a  damage  index 
greater  than  l/2  will  result  in  failure,  it  can  be  seen  that  (by  applying 
Equation  l)  no  failure  is  expected. 


Miner's  Rule  should  not  be  applied  without  recognizing  its  limitations. 
Uncertainties  exist  in  the  S-N  curve,  in  structure!  variations  from  one 
assembly  to  another,  emd  in  the  actual  loeding  environment.  Adequate 
design  strength  should  not  be  assumed  unless  a  large  safety  factor  is 
shown,  and,  even  then,  it  is  recommended  that  critical  items  be  subjected 
to  comprehensive  structural  tests. 
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A  MODE,  PCS  FATIGUE  DAMAGE  DURIRG  9WBT-SIME  VURATIOB 


A  staple  aodel  can  he  used  to  obtain  an  estlaate  of  the  fatigue  daaage  of  a  s  vucture 
subjected  to  the  types  of  vibration  encountered  In  the  laboratory .  Sinusoidal  vibra¬ 
tion  Is  considered  here. _ 


This  aodel  unaei  that  the  structure  can  be  idealized  as  a  linear  single 
degree-of-freedaa  system,  that  daaage  occurs  according  to  Miner's  Rule 
(Equation  l),  and  that  segments  of  the  S-H  curve  can  be  expressed  as  shown 
In  Equation  2  and  the  accompanying  figure.  Further,  it  Is  assumed  that 
the  stress  at  resonance  can  be  expressed  by  Equation  3;  the  stress  Is  a 
linear  function  of  the  Input  vibration.  The  stress  at  the  critical  sec¬ 
tion  per  unit  acceleration  is  given  by  the  constant,  C8. 

The  moat  cannon  laboratory  vibration  tests  consist  of  either  a  swept  sine 
or  a  random  input.  The  sine  vibration  case  is  studied  below  and  the 
random  case  Is  given  in  the  next  section. 

81nueoldal  Vibration:  In  this  case,  the  input  vibration  consists  of 
sinusoidal  vibration  which  sweeps  from  the  minimus  frequency  to  the  maxi¬ 
mum  and  back  to  the  mlulmw.  The  sweep  rate  Is  logarithmic  and  is  express¬ 
ed  by  Equation  VJ  tz  is  the  higher  frequency,  fi  is  the  lower  frequency, 

K  is  the  sweep  rate  in  octaves  per  minute  and  t  is  the  elapsed  time  in 
minutes.  The  significant  vibration  is  considered  to  occur  only  between 
the  resonant  half-pcwer  points.  The  frequencies  at  the  half -power  points 
are  given  in  Equations  5  and  6.  It  is  assused  that  Q,  the  tranamisslbillty 
at  resonance,  is  greater  than  5.  Combining  Equations  4,  5  and  6  yields 
Equation  7.  Equation  7  is  solved  for  tg,  the  time  at  resonance  during 
one  sweep.  The  total  masher  of  significant  stress  cycles,  n,  is  equal  to 
tg  times  M  (the  total  number  of  cycles)  times  fn  (the  natural  frequency) 
as  shown  in  Equation  8.  One  sweep  occurs  when  the  frequency  goes  from 
ml nlrnm  to  maxi miss  or  vice  versa.  Eote  that  the  sweep  rate  must  be  suf¬ 
ficiently  slow  far  the  resonance  to  reach  steady  state  response.  Ihe 
fatigue  damage  may  now  be  found  by  solving  Equation  1. 

lote:  Several  simplifying  assumptions  are  used  to  arrive  at  this  model. 
Actual  test  conditions  will  probably  yield  results  different  from  this 
analysis.  Oils  approach  should  not  be  used  if  stresses  are  above  the 
yield  stress  or  below  the  endurance  stress.  This  model  is  intended  as  a 
first  estlaate  of  the  fatigue  damage  to  a  structure. 

Example:  Assume  that  the  design  in  question  can  be  represented  by  a 
single  degree -of -freed cm  system  with  a  natural  frequency  of  100  Hz  and  a 
Q  of  10.  Ihe  input  vibration  of  2g  is  swept  from  5  to  500  to  5  Hz  at  the 
rate  of  1  octave  per  minute.  Stress  at  the  critical  area  is  such  that 
C8  is  1250  psi/g.  Find  the  fatigue  daaage  if  C  ia  (75,000)10,  a  is  10 
and  D  greater  than  1  will  cause  failure.  In  this  case,  based  on  the 
calculations  given,  failure  is  expected. 
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EXAMPLE:  Assume  g. 
-  in 

Q  =  1G,  C 

s 

=  2  ^  K  =  1  oct/min,  f  =  100  Hz, 

=  1250  psi/g,  C  =  (75,000)10,  A  =  10 

Solving  (3) 

S  - 

(12S0)(10)(2)  =  25,000  psi 

Solving  (7) 

20+1 

20-1 

d)t 

2  n  t0  =  0.144  Min 

R 

Solving  (9) 

n  = 

60  (0.l44)(100)(l00)  =  9.64  x  101*  cycles 

Solving  (2) 

NS10 

io  4 

(75,000)  N  =  5.9  x  10  cycles 

Solving  (1) 

D  - 

9  64  x  10^  =  1  45  THEREFORE,  fatigue  failure 

— 1 - r—  ’  “  is  expected. 

5.9  x  10 

FATIGUE  DAMAGE:  The  cumulative  damage  from  a  svept-sine  input  nay  :e 
evaluated  using  Minor's  Rule. 
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A  MODEL  FOR  FATIGUE  DAMAGE  DURING  RANDOM  VIBRATION 


Using  simplifying  assumptions,  a  model  is  derived  which  is  used  to  obtain  an  estimate 
of  the  fatigue  damage  caused  by  random  vibration. _ 


This  model,  as  in  the  case  of  sinusoidal  vibration,  assumes  that  the  struc¬ 
ture  can  be  represented  by  a  single  degree-of-freedom  system,  that  damage 
occurs  according  to  Miner's  rule  (Equation  1),  that  the  S-N  curve  can  be 
expressed  by  Equation  2,  and  that  the  stress  is  proportional  to  the  response 
acceleration  (Equation  3).  Sr  is  the  rms  stress  level  and  gr  is  the  rms 
response  g  level.  In  addition,  it  is  assumed  that  F(f),  the  input  random 
vibration,  is  constant  over  a  sufficiently  wide  band  (in  the  area  of  the 
natural  frequency)  to  be  considered  constant  for  an  infinite  bandwidth. 
Finally,  it  is  assumed  that  the  response  peaks  have  a  Rayleight  distribution 
(Equation  4).  In  order  for  this  approach  to  be  valid,  3Sr  must  be  below  the 
yield  stress  of  the  material.  It  should  be  noted  that  the  analysis  given 
below  is  conservative  for  loss-stress  levels  because  it  assumes  that  there 
is  no  endurance  limit. 

A  single  degree-of-freedom  model  responds  to  random  vibration  at  its 
natural  frequency  and  with  a  random  amplitude.  The  number  of  cycles  with 
peak  amplitude  Si  is  equal  to  +he  total  number  of  cycles,  nr,  multiplied  by 
the  probability  of  occurrence  of  peak  Si.  For  this  approach,  the  system 
should  have  a  Q  greater  than  5  such  that  successive  peaks  and  minimums  vary 
by  a  small  amount.  The  fatigue  damage  is  the  summation  of  the  number  of 
cycles  at  the  various  stress  levels,  each  divided  by  the  number  of  cycles  to 
failure  at  that  stress  level  (figure  below  and  Equation  5).  The  total 
number  of  cycles  is  the  test  time,  t?  (in  minutes)  multiplied  by  the  natural 
frequency,  fn  (Equation  6).  In  order  to  put  Equation  5  in  terms  of  stress, 
we  solve  Equation  2  for  Ni,  put  this  in  Equation  5  and  get  Equation  7.  Let 
X  equal  the  ratio  S/Sr  (Equation  8)  and  substitute  Equation  4  into  Equation  7: 
this  yields  Equation  9.  Calling  the  Integral  I  (A)  and  substituting  Equa¬ 
tion  6  yields  Equation  10,  the  fatigue  damage  due  to  the  random  vibration  of 
a  single  degree-of-freedom  system.  Values  for  1(A)  are  given  in  the  appendix. 

If  the  response,  gr,  is  r  t  known,  it  can  be  derived  from  Equation  11.  F(f) 

Is  constant  in  the  area  of  fn. 

A  tabulation  of  l( A )  is  given  in  the  Appendix  on  page  5.5-6.  A  sample 
problem  on  fatigue  damage  is  given  in  the  Appendix  on  page  5.5-7. 
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SINE-RANDOM  EQUIVALENCE 


Using  simplifying  assumptions,  a  s:nusoidal  vibration  input  can  be  derived  which  will 
came  the  sane  fatigue  damage  as  a  randon  input. 


The  following  assumptions  are  used  to  develop  a  model  which  is  used  to 
derive  sine- randon  equivalence: 

1.  The  system  in  question  can  be  represented  by  a  linear,  single 
degree-of-freedom  system. 

2.  Miner's  rule  (Equation  l)  for  fatigue  damage  applies. 

3.  The  3-N  curve  is  represented  by  Equation  2. 

4.  The  stress  at  the  critical  section  is  a  linear  function  of  the  g 
level  (Equation  3)* 

5.  The  randon  input,  F(f),  is  constant  over  a  sufficiently  wide 
bandwidth  to  be  considered  infinitely  wide. 

6.  The  random  response  peaks  have  a  Rayleigh  distribution. 

7.  3Sr  is  below  the  yield  stress. 

8.  The  criterion  for  failure  during  randon  vibration,  Dp  is 
considered  to  be  l/2  and  the  criterion  for  failure  during  sine 
vibration,  D2,  is  considered  to  be  1. 

A  sinusoidal  Input  at  the  system's  natural  frequency  is  sought  which  will 
cause  the  same  damage  as  a  given  random  input.  For  a  given  test  time, 
the  number  of  cycles  of  random  vibration  and  sine  vibration  will  be  equal 
because  the  system  responds  at  its  natural  frequency. • 

The  damage  caused  by  random  vibration.  Dp  was  derived  in  the  preceding 
section  (Equation  5).  The  damage  caused  by  the  sine  input  is  the  number 
of  applied  stress  cycles  divided  by  the  number  of  stress  cycles  to  failure 
(Equation  6).  Since  =  l/2  for  failure  and  Dg  =  1  for  failure,  we  get 
Equation  7.  The  equivalent  stress,  Seq,  is  introduced  by  using  Equation  2, 
and  by  substitution  we  arrive  at  Equation  8.  The  stress  is  a  linear 
function  of  the  g  level  (Equation  3),  therefore  we  can  substitute  g  for  S 
(Equation  9).  Equation  9  is  in  terms  of  the  response  of  the  single  degree- 
of-freedom  system.  To  determine  equivalency  on  the  basis  of  inputs,  we 
utilize  Equations  10  and  11  to  arrive  at  Equation  12.  Values  of  I  (A) 
are  listed  in  the  Appendix. 

Note:  This  approach  to  sine-random  equivalence  should  not  be  used  indis¬ 
criminately.  The  equations  given  are  restricted  by  the  assumptions  used. 

In  actual  situations,  it  is  possible  to  have  several  natural  frequency 
and  various  materials.  The  sine  equivalent  for  one  component  could  be  a 
severe  undertest  or  overtest  for  a  different  component. 
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Illustrative  Example ;  fn  =  100  Hz,  F(f)  =  0.04g2/Hz  from  5  to  1000  Hz, 
Q  =  10,  A  =  10,  A  =  10;  find  the  equivalent  sinusoidal  input  at  100  Hz 
which  causes  the  same  fatigue  damage. 
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Rewriting  Equation  2;  H  =  C  or 


8,4  *  Sr  [21(A)] 


gg  =  gr  [21(A)]  ^  *  Response  Levels 
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Input  g  Level 


"F(t’)  f  1/A 

-JiS-2  [2ICA)J  1/A 
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SINE-RANDCM  EQUIVALENCE:  The  damage  potential  of  a  random  excitation  may 
be  represented  by  an  equivalent  sinusoidal  input. 
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•  The  Design  Choice:  Fatigue  Stress  Vs  Vstlgus  Strw^th 

•  The  Influence  of  Slse  on  the  Fatigue  Strength  of 
Critical  Sections 

e  reproved  Fstlgue  Strength  Throutfi  Reduced  8trr. 
Concentration 

e  The  Kffects  at  Redistributed  Stress  and  Improved 
Relative  Stiffness 

a  The  Influence  of  Increased  Rstural  Frequency,  Lateral 
Stiffness,  and  Damping 

e  The  Influence  of  Reduced  Mean  Stress  and  Iaproved  Stress 
Flow  In  Critical  Sections 

e  The  Iffect  of  Increased  Bulk  Strength  on  Fatigue  Life 

e  Inproving  Fatigue  Life  Through  Increased  Local  Strength 

e  The  Importance  at  Fretting  Bffects  to  Fatigue  Life 

e  Plains  to  Scoring  and  Corrosion  to  Phance  Fatigue  Life 

e  Plnlnate  Sharp  Corners  and  Improve  Fatigue  Life 

e  Improve  Surface  Finish  to  Improve  Fatigue  8t!*ngth 

e  Improved  Ductility  and  Impact  Strength  Also  I^iroves 
Fatigue  Life 
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8ectloo  4  «  Design  Methods  for  Preventing  Fatigue  Pel  lure* 
THE  DESIGN  CHOICE:  FATIGUE  STRESS  VS  FATIGUE  8TRHWTH 


The  design  approecta  for  avoiding  fatigue  failure  la  baaed  on  a  simple  premise:  stress 
must  not  exceed  strength.  When  it  does,  the  designer  has  two  choices:  decrease  the 
fatigue  stress  or  Increase  the  fatigue  strength. 


The  best  time  to  design  against  fatigue  failure  Is  at  the  preliminary  de¬ 
sign  stage,  when  the  proposed  geometry  of  each  component  can  be  studied 
to  establish  where  fatigue  failure  may  occur.  Potentially  critical 
sections  are  easily  recognised:  fatigue  cracks  almost  always  originate  at 
notches  such  as  holes,  fillets,  grooves,  keyways,  and  splines;  at  sharp 
corners  and  feather  edges;  or  at  surfaces  damaged  by  fretting,  scoring, 
or  corrosion. 

nominal  fatigue  stresses  sure  decreased  by  redistributing  loads  and  stresses 
as  uniformly  as  possible  among  components.  Local  fatigue  stresses  are 
reduced  by  decreasing  stress  concentrations;  that  Is,  the  local  stresses 
are  redistributed  more  uniformly  in  the  vicinity  of  stress  raisers.  There 
are  several  ways  of  redistributing  stresses,  as  listed  below: 

1.  Increase  size  of  critical  sections 

2.  Reduce  stress  concentrations 

3.  Redistribute  stress 

4.  Increase  natural  frequency 
3.  Reduce  mean  stress 

6.  Change  shape  of  critical  section 

When  decreasing  fatigue-causing  stress  will  not  eliminate  a  possible 
fatigue  failure,  the  only  alternative  is  to  increase  the  strength  of  the 
part  or  system.  The  Increased  strength  approach  has  analogies  In  the 
stress  analysis  methods.  Nominal  stress  corresponds  to  bulk  (average) 
strength;  local  stress  corresponds  to  local  strength.  Local  strength 
depends  on  micro-structural  changes  resulting  from  forging,  casting,  or 
heat-treating.  Thus,  local  strength  involves  a  strength  distribution 
analogous  to  stress  distribution. 

The  approaches  to  Increasing  fatigue  strength  are  ae  follows: 

1.  Increase  bulk  strength 

2.  Increase  local  strength 

3.  Eliminate  fretting,  scoring  and  corrosion 

4.  Eliminate  sharp  corners 
3.  Improve  surface  finish 

6.  Improve  ductility  and  impact  strength 

The  methods  listed  above  are  discussed  in  detail  In  the  sections  that 
follow. 


"Much  of  the  material  presented  In  this  section  v&s  edited  with  permission 
from  a  series  of  articles  entitled  "How  to  Prevent  Fatigue  Failure",  by 
Robert  I.  Little  of  the  University  of  Michigan.  The  articles  appeared 
In  MAaiTWK  DESIGN,  June  and  July,  1967,  and  are  copyright  1967  by  The 
Fenton  Publishing  Co.,  Cleveland,  Ohio. 
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Areas  in  Which  Stress 

May  be  Decreased 

Areas  in  Which  Strength 
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Critical  Sections 

Bulk  Strength  , 

Stress  Concentration 

Local  Strength 

Distributions 

Surface  Defects 

Natural  Frequency 

Material  Properties 

Mean  Stress 

STRESS  VS  STRE!JGTH:  Fatigue  failures  may  be  minimized  by  increasing 
strength  in  combination  with  decreased  stress. 
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THE  INFLUENCE  OF  SIZE  ON  THE  FATIGUE  STRENGTH  OF  CRITICAL  SECTIONS 


4  V 


Fatigue  stress  can  be  reduced  by  Increasing  the  size  of  critical  sections. 


The  simplest  way  to  decrease  fatigue  stress  is  to  increase  the  size  of 
critical  sections.  Yet  this  method  is  seldom  acceptable  because  larger 
components  obviously  cost  more  ar.d  weigh  more.  Also,  size  alone  is  a 
poor  measure  of  mood  fatigue  proportions;  other  fatigue  design  parameters 
are  Just  as  important.  The  relatior.snip  between  size  and  fatigue  propor¬ 
tions  is  discussed  in  this  section. 

In  a  component  with  good  strength  proportions,  failure  is  equally  likely 
to  occur  at  any  of  the  critical  sections,  whatever  the  mode  of  failure. 

The  objective,  then,  is  to  size  components  by  trading  useless  material  in 
noncritical  components  for  stronger  critical  sections  in  highly  stressed 
components.  Maximum  reliability  is  attained  when  all  components  have  the 
same  factor  of  safety  whatever  the  modes  of  failure. 

In  practice,  the  factor  of  safety  for  each  component  arid  each  mode  of 
failure  should  be  adjusted  slightly  up  or  down  from  the  overall  (nominal) 
design  factor,  depending  upon  the  relative  cost  arid  importance  of  the 
potential  failure.  For  example,  factors  of  safety  for  fatigue  are  gener¬ 
ally  somewhat  higher  than  for  other  modes  of  failure  because  fatigue 
failure  occurs  abruptly  and  often  leads  to  considerable  system  damage. 

Since  fatigue  failure  is  commonplace  in  high  performance  equipment, 
fatigue  proportions  are  usually  the  best  criterion  for  establishing  the 
size  of  components.  For  the  simple  situation  in  which  all  mean  stresses 
are  zero.  Equation  1  applies.  Good  fatigue  proportions  require  that  both 
Sf  and  Kf  be  fixed,  and  that  nominal  alternating-stress  amplitudes  be 
adjusted  such  that  the  ratio  of  alternating  stress  to  fatigue  strength  is 
a  constant  (Equation  2)  for  all  components.  Thus,  size  is  based  on  the 
ratio  of  nominal  alternating- stress  amplitude  to  the  fatigue  strength  of 
the  unnotched  component.  Fatigue  strength  can  be  estimated  from  laboratory 
data,  using  correction  factors  for  important  fatigue  factors  such  as  mode 
of  loading,  surface  finish,  temperature,  etc.  (see  Equation  3).  In  most 
preliminary  designs,  Sjjt  can  be  substituted  directly  for  Sjj  in  equation  2 
provided  that  care  is  taken  that  the  fatigue  data  pertains  to  the  appro¬ 
priate  mode  of  loading. 

When  one  or  more  mean  stresses  are  not  zero,  the  corresponding  values  of 
Sjj  must  be  estimated  from  a  fatigue  working-stress  diagram. 

This  topic  is  further  illustrated  by  example,  which  appears  in  the  appendix 
or.  pare  5. 5 -12. 
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Where: 

SNt  " 

i=  1 

Fatigue  strength  obtained  from  laboratory  tests 

Sf  ‘ 

Fatigue  safety  factor 

SN  = 

Fatigue  strength,  psi 

Kf  - 

Fatigue-strength  reduction  factor 

S  = 

Nominal  Alternati:.g  stress,  psi 

a 

DECREASE  FATIGUE  STRESS:  Increasing  the  size  of  critical  sections  is 
effective  first  step  tovard  reduced  stress. 
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IMPROVED  FATIGUE  STRESGH  THROUGH  REDUCED  STRESS  CONCENTRATION 


Another  approach  to  reducing  fatigue  stress  is  to  keep  the  stress  concentration  factor 
as  ewall  as  possible. _ 


Most  fatigue  failures  in  service  can  be  attributed  to  poor  fatigue  propor¬ 
tions.  In  the  majority  of  cases  the  problem  is  that  the  bulk  strength  of 
the  material  is  not  used  effectively  because  the  fatigue  strength  reduction 
factor  Kf  is  toe  large.  This  means  that  stress-concentration  factor 
must  be  kept  as  small  as  possible.  Ideally,  should  be  such  that  the 
corresponding  Kf  values  are  constant. 

Various  types  of  notches  can  have  markedly  different  effects  on  low-cycle 
fatigue  strength.  The  notches  have  similar  stress-concentration  factors, 
yet  the  circumferentially  grooved  shaft  (solid  curves)  is  noticeably 
better  for  low-cycle  fatigue.  But  regardless  of  how  "benign"  the  notch 
may  seem,  reducing  stress  concentrations  Is  always  beneficial  when  re¬ 
quired  fatigue  life  Is  more  than  10 5  cycles. 

Fatigue-strength  reduction  factor  is  shown  in  Equation  2,  where  notch- 
sensitivity  index  q  can  be  estimated  from  appropriate  curves  shown  at  the 
right.  Values  of  Kf  predicted  from  these  curves  have  been  found  accurate 
within  20  percent.  All  curves  end  at  a  notch  radius  of  0.02  in.  because 
smaller  radii  offer  very  poor  fatigue  performance.  For  materials  other 
than  those  given  in  the  plot,  specific  notch-sensitivity  data  should  be 

used.  In  the  absence  of  such  data,  the  following  comments  are  helpful  in  « » 

estimating  q: 

«  ► 

1.  Wrought  copper,  nickel,  magnesium,  and  titanium  alloys  have 
roughly  the  same  notch  sensitivities  as  wrought  steels  of  the 
same  ultimate  strength. 

2.  Wrought  metals  are  more  notch-sensitive  than  cast  metals.  But 
wrought  metals  tested  in  the  transverse  direction  have  approxi¬ 
mately  the  same  notch  sensitivity  as  cast  metals  of  the  same 
ultimate  strength. 

3.  Cast  metals  are  normally  notch-sensitive;  but  q  can  be  as  low  as 
0.1  for  gray  cast  irons  and  porous  aluminum  sand  castings. 

4.  The  only  structural  materials  practically  insensitive  to  notches 
are  reinforced  plastics. 

The  best  way  to  reduce  stress  concentrations  is  to  increase  notch  radii. 

However,  in  many  cases  consideration  must  also  be  given  to  the  form  of 
the  notch.  The  appendix  material  on  fillets  and  notches  shows  examples 
of  the  influence  of  notch  design  on  fatigue  strength. 


=  - — 77-  =  Constant  (l) 

Sf  Kf 

«  1  ♦  (Kt  -l)q  (2) 

<► 


S 
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the  avion  or  rdxstribuitd  ^toess  ahd  improved  relative  stiffhess 


The  relative  etlf fneas  of  members  in  a  ayeteo  must  be  balanced  in  order  to  effectively 
distribute  stresses. 


A  ays tea  or  machine  can  be  thought  of  aa  consisting  of  members  that 
behave  as  a  network  of  elastic  springs.  Hence,  the  stiff er  a  member  the 
greater  the  share  of  the  total  load  it  carries.  In  designing  for  fatigue 
strength,  relative  stiffness  can  be  so  arranged  that  each  member  carries 
Its  share  of  the  load. 

The  key  to  balancing  stress  distribution  in  a  system  lies  in  tearing  force 
flow  between  members  in  much  the  same  manner  as  stress  flow  within  mem* 
bers.  Construction  of  approximate  force- flow  diagrams  for  complex 
structures  is  particularly  helpful.  These  diagrams  usually  show  which 
■sabers  are  too  stiff  or  too  flexible.  Force  flow  can  be  improved  by 
**«*<"g  tapered  sections,  extra  rivets,  brackets,  ribs,  or  cutouts. 

Force-flow  diagrams  also  show  that: 

1.  The  smaller  the  munber,  the  better  it  can  distribute  the  stress. 

2.  Loads  can  be  carried  more  efficiently  by  members  in  direct 
tension  or  compression  than  by  members  subjected  to  bending 
and/or  torsion. 

3.  Members  should  be  sized  and  positioned  to  carry  distributed 
loads,  rather  than  to  have  individual  members  carry  concentrated 
loads. 

A  common  example  of  changing  relative  stiffness  to  redistribute  stresses 
occurs  In  the  bolted  Joint.  As  shown  in  the  accompanying  figure,  the 
simplest  way  to  reduce  the  stiffness  of  a  bolt  is  to  undercut  the  shank. 
The  tapered  nut  balances  the  stiffness  of  the  nut  and  the  threaded  portion 
of  the  bolt  so  that  each  mating  thread  carries  its  share  of  the  total  load. 
Reducing  the  elastic  modulus  of  the  nut  by  using  aluminum  or  magnesium 
has  the  same  effect  as  tapering  a  steel  nut.  The  objective  is  to  make  the 
stiffness  of  the  bolt  as  low  as  possible  relative  to  the  stiffness  of  the 
clamped  sobers;  then  the  bolt  absorbs  only  a  small  portion  of  the  imposed 
fatigue  loeding. 

Another  case  where  relative  stiffness  is  Important  is  in  the  design  of 
bolted,  riveted,  and  glued  Joints  subjected  to  shearing  stresses.  In 
such  cases,  there  has  been  widespread  use  of  scarfing,  tapered  splice 
plates  (or  auxiliary  splice  plates),  and  attention  to  number  and  spacing 
of  fasteners.  The  "relative-stiffness  principle"  is  also  used  to  relieve 
stresses  Imposed  by  shrinking  a  hub  on  shaft.  When  the  hub  is  too  stiff, 
a  disproportionately  large  share  of  the  bending  stress  is  concentrated  at 
the  edge  of  the  hub.  This  problem  can  be  mitigated  by  reducing  the  stiff¬ 
ness  of  the  hub,  illustrated  In  the  lower  figure  at  right. 
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STRESS  DISTRIBUTION:  The  relative  stiffness  of  canon  Joints  any  be 
Improved  to  Improve  fatigue  resistance. 
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ns  I  fLU  KX  or  increased  natural  frequency,  lateral  stiffness,  and  damping 


The  dynela  response  characteristics  of  a  structural  system  can  be  modified  to  Improve 
tmtimm  strength. _ 


Stress  analyses  based  on  force-flow  concepts  are  valid  only  as  long  as 
robust  harmonics  of  the  imposed  (exciting)  forces  act  at  frequencies  well 
below  the  lowest  natural  frequency  of  any  of  the  members  analyzed.  Other¬ 
wise,  one  or  sore  of  these  members  may  be  exc  ited  at  or  very  near  its 
natural  frequency,  with  the  corresponding  dynamic  amplification  of  nominal 
stresses  eventually  leading  to  resonance  fatigue  failure. 

Resonance  fatigue  failure  is  most  likely  in  high-speed,  high-performance 
equlpamnt.  In  such  cases,  fatigue  failure  is  generally  attributable  to 
bending  stresses  caused  by  large  lateral  vibrations.  Accordingly,  lateral 
stiffness  of  all  mesfcers  should  be  as  large  as  practical. 

Three  effective  ways  to  increase  the  lateral  stiffness  of  structural 

members  are: 

1.  Increase  moment  of  inertia  of  the  cross-section  by  using  beads, 
ribs,  and  flanges;  if  possible,  use  I,  round,  or  square  sections. 

2.  Modify  mounting  conditions  by  using  angle  braces  to  simulate 
built-in  supports  rather  than  elmple  (pivotal)  supports. 

3.  Reduce  effective  length  of  the  member  by  mounting  struts 
parallel  to  the  direction  of  vibratory  motion. 

In  designing  against  resonance  fatigue,  it  is  necessary  to  consider  not 
only  each  member  but  also  groups  of  members  acting  as  an  assembly. 

Resonance  fatigue  of  mechanical  origin  can  also  be  minimized  by  using 
vibration-isolation  techniques  to  reduce  the  magnitude  of  transmitted 
forces.  In  certain  cases  vibration  absorbers  are  also  effective. 

If  component  natural  frequencies  cannot  be  increased  substantially,  and 
if  the  magnitude  of  the  transmitted  forces  cannot  be  adequately  reduced, 
the  only  rn— Inlng  alternative  is  to  use  damping  -  either  external  or 
internal. 

External  involves  mechanical  slip  between  mating  surfaces;  energy 

is  dissipated  by  coulodb  friction  associated  with  rubbing  on  dry  surfaces, 
or  by  hysteresis  associated  with  cyclic  shear  strain  in  viscoelastic 
gaskets  and  adhesives.  For  example,  riveted  Joints  can  be  used  In  place 
of  welded  Joints  to  increase  the  damping  capacity  of  a  structure. 

Internal  is  also  effective  in  reducing  dynamic  amplification  of 

resonance.  The  damping  material  should  have  a  high  specific  damping 
energy;  this  generally  means  use  of  a  magnetic  material  such  as  403 
stainless  to  take  advantage  of  magnetoelastic  hysteresis.  Special  hlgh- 
dasplng  materials  and  laminates  are  also  being  used  more  and  more. 

It  must  be  noted  that  it  is  possible  for  situations  to  exist  where 
decreasing  the  natural  frequency  will  Increase  the  fatigue  life.  This 


VOUMK  III 


will  depend  on  the  nature  of  the  Input  vibration.  In  all  cases  It  Is 
necessary  to  maintain  the  proper  balance  between  the  stiffnesses  of  the 
various  components  of  a  system  (See  "Redistribute  Stress").  More  detailed 
Information  oo  using  the  natural  frequency  of  a  structure  to  control  the 
loads  can  be  found  In  the  chapter  on  Natural  Frequency  and  the  chapter  on 
Shock  Absorption  and  Vibration  Attenuation  Techniques. 


METHODS  FOR  MODIFYING  DYNAMIC  RESPONSE 

•  Change  the  Weight  of  the  System 

•  Change  the  Mass  Distribution 

•  Change  the  Stiffness  of  the  System 

•  Change  the  Material  Properties 

•  Add  Structural  Damping 

•  Use  Dynamic  Attenuation  Techniques 


DYNAMIC  RESPQNE:  The  natural  frequency  of  a  structural  system  can  be 
easily  modified  to  Improve  the  fatigue  life. 


o 
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THE  INFLUENCE  OF  REDUCED  MEAN  STRESS  AND  IMPROVED  STRESS  FLOW  IN  CRITICAL  SECTIONS 


The  mean  stress  and  the  shape  of  critical  sections  of  a  member  can  be  modified  to 

increase  fatigue  life. 


In  most  cases  (especially  where  there  is  axial  loading)  tensile  mean  stress 
decreases  fatigue  strength;  compressive  mean  stress  increases  it.  Accord¬ 
ingly,  it  is  often  advantageous  to  superimpose  compressive  mean  stress  on 
critical  sections  by  preloading. 

Some  form  of  heat  treating  is  the  most  common  means  of  inducing  compres¬ 
sive  residual  stresses  at  the  surface  of  components.  But  such  stresses 
can  be  induced  by  localized  plastic  flow  at  the  surface  of  the  material. 
When  this  flow  is  caused  mechanically  by  overloading  the  component  until 
yielding  occurs,  the  mechanism  is  termed  overstraining.  The  best  known 
example  of  overstraining  is  "scragging"  of  helical  compression  springs. 

In  this  process  the  6pring  is  compressed  well  beyond  its  elastic  limit 
(often  to  solid  height)  so  that  it  takes  on  a  residual  stress  distribution 
such  as  shown  in  the  upper  figure  at  right  when  unloaded. 

Variations  of  overstraining  are  found  in  rolling  of  fillet3  and  grooves, 
shot-peening  of  stress  concentrators  and  surfaces,  and  in  processes  such 
as  vapor  blasting,  tumbling,  and  burnishing.  In  each  case,  the  surface 
layers  of  the  material  are  plastically  deformed  while  the  core  material 
behaves  elastically.  The  depth  of  localized  yielding  (penetration)  and 
the  resulting  surface  finish  obtained  from  the  difference  processes  differ 
markedly. 

Residual  stresses  generally  fade  over  a  period  of  time  when  components 
sore  subjected  to  cyclic  loading.  The  improvement  In  fatigue  strength 
therefore  depends  upon  the  ability  of  the  material  to  prevent  fading 
during  service  operation.  Occasional  overloads  are  often  beneficial  in 
reestablishing  residual  stresses.  In  fact,  occasional  proof  stressing  of 
critical  components  not  only  rids  the  system  or  machine  of  deteriorating 
components,  it  enhances  the  strength  of  sound  components. 

Improved  stress  flow  means  that  stress  flow  lines  are  more  streamlined 
in  the  vicinity  of  notches;  it  can  also  result  in  more  strealined  stress 
flow  lines  throughout  the  critical  section.  In  this  case,  the  objective 
is  to  decrease  the  nominal  stress.  The  lower  figure  shows  the  increase 
in  the  fatigue  strength  of  a  crankshaft  obtained  by  improving  the  stress 
flow  from  the  Journal  to  the  cra.xk  pin.  In  this  case,  fillet  geometry 
was  not  changed;  rather,  the  overlap  at  the  critical  section  was  modified 
such  that  the  transition  from  one  cross  section  to  the  next  is  much 
smoother. 

Improved  stress  flow  is  especially  effective  in  increasing  fatigue  strengths 
(by  reducing  nominal  stresses)  where,  in  spite  of  complex  component  geom¬ 
etry,  there  is  still  freedom  to  modify  cross-sectional  shapes  -  for 
example,  in  cast  and  forged  components.  Tips  on  designing  common  com¬ 
ponents  for  fatigue  life  are  in  the  literature. 

A  word  of  caution:  The  above  methods  are  general  and  do  not  apply  to  all 
situations.  If  applied  improperly,  these  methods  will  result  in  reduced 
fatigue  life.  As  in  all  fatigue  problems,  it  is  advisable  to  consult  the 
fatigue,  stress  and  materials  experts. 
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RESIDUAL  STRESS  DISTRIBUTION  IN  SCRAGGED  COIL  SPRINGS. 


EXAMPLE  OF  IMPROVED  FATIGUE  STRENGTH  OF  CRANKSHAf  .  OBTAINED 
BY  SMOOTHING  STRESS  FLOW  FROM  JOURNAL  TO  CRANK  PIN 


Improvement  was  Obtained  by  Modifying  the  Overlap  at  the  Critical 
Section.  Effect  of  the  Amount  of  Overlap  is  shown  in  the  Graph. 


MEAN  STRESS:  Fatigue  life  can  be  improved  by  modification  of  the  stress 
flow  characteristics  in  critical  sections. 
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Section  k  -  Design  Methods  for  Preventing  Fatigue  Failure 
THE  EFFECT  OF  INCREASED  BULK  STRENGTH  ON  FATIGUE  bIFE 


The  fatigue  life  of  a  member  is  increased  by  increasing  its  bulk  strength.  Bulk 
strength  is  affected  by  the  geometry  of  the  component,  the  composition  of  the  material 
and  metallurgical  considerations. _ 


Equation  1  shows  that  increasing  bulk  fatigue  strength  of  a  material  is 
equivalent  to  decreasing  the  nominal  alternating  stress  (shown  in  the 
upper  figure).  For  the  stress  and  strength  distribution  (and  probable 
failure)  shown  in  (a),  the  strength  may  be  increased,  ©,  or  the  stress 
may  be  decreased  by  making  the  part  larger,  ©  .  Increasing  bulk  strength 
by  changing  material  or  process  is  usually  much  cheaper  and  simpler  than 
decreasing  nominal  alternating  stress  by  changing  component  size  or  load¬ 
ing.  However,  this  does  not  necessarily  hold  true  in  preliminary  design. 

Severed,  alternative  component  geometries  should  be  considered  during 
preliminary  design.  Equation  1  can  be  used  to  estimate  the  bulk  strength 
required  for  each  proposed  geometry.  Next,  a  table  can  be  made  listing 
materials  with  appropriate  bulk  strength,  for  each  geometry.  On  the 
basis  of  material  cost  and  relative  volume,  the  best  geometry  and  material 
can  then  be  chosen. 

Comgosition:  Fatigue  strength  generally  increases  in  proportion  to  the 
increase  in  ultimate  strength  (or  hardness).  Thus,  a  10  percent  increase  in 
bulk  fatigue  strength  generally  requires  a  10  percent  increase  in  ultimate 
strength.  Increases  of  this  order  are  easily  obtained  for  most  materials 
by  minor  changes  in  composition  or  processing. 

C 

This  proportional  relationship  is  valid  for  fatigue  life  as  low  as  10- 
cycles.  But  for  shorter  life  -  below  104  cycles  -  other  factors  are  as 
important  as  ultimate  strength  or  hardness  in  establishing  fatigue  strength. 

The  relationship  between  material  fatigue  strength  and  ultimate  strength 
must  be  used  with  care  for  materials  with  high  tensile  strength  or  hard¬ 
ness.  This  is  especially  true  when  there  are  considerable  differences  in 
microstructure  at  different  strength  levels.  Fatigue  strengths  for  com¬ 
mercially  heet-treated  steels  peak  out  at  very  high  values  of  hardness, 
shown  in  the  lower  figure.  The  microstructure  at  high  hardness  levels  is 
essentially  as-quencned  martensite.  This  very  brittle  microstructure  may 
have  an  %/Sy  ratio  as  low  as  0.20  to  0.25. 

Several  metallurgical  mechanisms  are  available  to  increase  the  bulk 
strength  of  engineering  materials.  The  most  effective  hardening  mechan¬ 
isms  are:  grain-size  refinement,  work  or  strain  hardening,  dispersion 
hardening,  and  solid-solution  hardening,  although  some  of  these  are  not 
effective  for  certain  materials.  As  an  example,  for  mild  steels,  work 
hardening  and  dispersion  hardening  are  very  effective  in  increasing  bulk 
strength.  Thus,  shifting  from  hot-rolled  to  cold-rolled  stock  increases 
fatigue  strength. 

Changing  from  a  coarse  to  a  fine  pearlite  also  increase  fatigue  strength. 

Often  it  is  possible  to  simply  change  to  a  low-alloy  steel,  retaining  the 
same  processing.  In  some  cases,  increasing  the  "effective"  bulk  strength 
of  the  existing  material  may  require  only  that  cyclic  stresses  act  in  the 
longitudinal  rather  than  the  transverse  direction. 

Sa/Sn  -  1/Kf  Sf  (!)  V 

*  ► 


I 
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Section  1*  -  Design  Methods  for  Preventing  Fatigue  Failure 
IMPROVING  FATIGUE  LIFE  THROUGH  INCREASED  LOCAL  STRENGTH 


Another  approach  to  greater  fatigue  strength  ie  to  increase  the  local  strength  of  a 
member.  The  fatigue  strength  is  affected  by  hardenability,  the  amount  of  local 
strengthening  and  the  manufacturing  process. 


It  is  often  difficult  to  distinguish  precisely  what  is  meant  by  the  terms 
local  and  bulk  strength.  (The  same  problem  occurs  in  describing  stress 
distributions.)  For  this  reason,  strength,  like  stress,  should  always  be 
evaluated  at  the  point  of  interest  -  for  example,  at  the  surface  of  the 
component,  or  at  the  root  of  a  stress  concentration.  Accordingly,  hard¬ 
ness  readings  usually  are  more  meaningful  in  fatigue  design  analysis  than 
tensile  test  data. 

From  the  standpoint  of  strength,  the  best  use  of  a  material  occurs  when 
ration  Sa/Sjj  (S*  =  local  alternating  stress,  psi,^  =  local  fatigue 
strength,  psl)  has  a  constant  value  throughout  the  component,  or  at  least 
across  the  section  which  is  critical  in  fatigue.  Thus,  axial  loading  of 
normalized  and  annealed  steels  represents  the  best  balance  of  stress  and 
strength  distributions.  However,  when  the  stress  gradient  is  large,  part 
of  the  material  experiences  negligible  stress.  This  material  contributes 
to  excessive  cost  and  weight.  Balancing  stress  and  strength  throughout 
the  component  always  helps  in  choosing  the  best  materials  and  processing 
methods . 

As  was  illustrated  in  the  previous  topic,  high -hardenability  steels  seldom 
Justify  their  expense  for  large  stress  gradients.  However,  it  should  be 
remembered  that  typical  Jominy  curves  tend  to  overestimate  the  effect  of 
hardenability  on  strength  distributions,  unless  attention  is  given  to  the 
effect  of  tempering.  Jominy  curves  for  the  appropriate  tempering  temper¬ 
ature  should  be  used  to  predict  strength  distributions,  rather  than  curves 
for  as-quenched  microstructures. 

For  good  fatigue  proportions,  the  product  of  the  fatigue  strength  reduc¬ 
tion  factor  and  the  fatigue  safety  factor  should  be  a  constant  (Equation  5). 
For  best  results,  Kf  should  be  a  constant;  that  is,  all  stress  raisers 
should  be  designed  such  that  Equation  1  applies,  where  =  stress  con¬ 
centration  factor;  q  =  notch-sensitivity  index. 

However,  it  is  generally  impossible  to  attain  the  conditions  established 
by  Equation  2  for  all  components.  Localized  strengthening  then  should  be 
used  for  highly  stressed  components  to  reduce  the  effect  of  excessively 
large  stress  raisers.  The  amount  of  local  strengthening  required  can  be 
estimated  from  Equation  3* 

Effect  of  Process:  Any  manufacturing  process  which  produces  a  non-uniform 
strength  distribution  can  be  used  to  increase  local  strength.  Casting  and 
forging  are  versatile  in  this  regard.  Also  widely  used  are  various  heat- 
treating  methods  -  flame  and  induction  hardening,  carburizing,  and 
nitriding.  Surface  rolling  and  shot  peening  have  found  wide  application 
in  Increasing  local  fatigue  strength.  The  adjacent  figure  illustrates  the 
beneficial  effect  of  local  strengthening  in  terms  of  stress  and  strength 
distributions.  In  ®  ,  localized  strengthening  is  ineffective;  fatigue 
life  may  even  decrease  because  of  tensile  residual  stresses  at  the  center 
of  the  bar.  In  <S>,  strengthening  is  moderately  effective,  depending  on 
the  size  of  the  stress  gradient;  the  larger  the  gradient,  the  greater  the 
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increase  in  life.  In  ©,  localized  strengthening  is  very  effective.  In 
this  case,  for  less-sharp  notches,  fatigue  cracks  nay  originate  at  points 
shown  in  O;  thus,  life  may  be  further  improved  by  increasing  case  depth. 

Removal  of  decarburlzed  surface  layers  (or  white  layers  in  nitriding)  also 
increases  local  strength.  Similarly,  certain  platings  and  coatings  In¬ 
crease  local  strength  by  resisting  corrosion  or  wear  acting  simultaneously 
with  cyclic  stresses. 


LOCAL  STRENGTH  HARDENABILITY:  Local  strength  and  the  manufacturing 
process  affect  the  fatigue  life. 
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VOUMB  m  -  CHAPTER  5 

Section  4  -  Design  Methods  for  Preventing  Fatigue  Failure 


THE  IMPORTANCE  OF  FRETTING  EFFECTS  TO  FATIGUE  LIFE 


Surface  damage  such  as  fretting,  greatly  reduces  fatigue  strength.  Fretting  dasage 
can  be  minimized  by  proper  design  practices. _ 


The  effects  of  fretting,  scoring,  and  corrosion  on  fatigue  strength  are 
similar  in  several  respects.  The  simultaneous  action  of  these  mechanisms 
combined  with  cyclic  stressing  is  far  more  serious  than  their  action 
preceding  fatigue  stressing.  With  this  simultaneous  action,  failure  will 
inevitably  occur  -  it  is  only  a  question  of  time.  Adequate  surface  pro¬ 
tection  and  control  of  surface  damage,  however,  can  often  restore  the 
fatigue  strength,  but  at  a  reduced  level. 

Fretting  fatigue  can  occur  whenever  any  component  experiencing  cyclic 
stresses  rubs  against  a  mating  component.  Press  fits  and  bolted  or 
riveted  Joints  are  the  most  connon  problem  areas. 

Rubbing  motions  as  small  as  10~^  in.  can  cause  surface  damage.  This 
damage  causes  fatigue  cracks  to  be  initiated  at  comparatively  low  stress 
amplitudes . 

The  decrease  in  fatigue  strength  with  simultaneous  fretting  Increases 
markedly  with  increasing  hardness  and  may  be  so  large  that  all  materials 
in  a  given  class  have  approximately  the  same  fretting  fatigue  strength 
regardless  of  their  ultimate  strengths.  It  is  not  unusual  that  the 
fatigue  strength  of  a  bolted  or  riveted  Joint  is  not  noticeably  affected 
by  changing  the  material.  In  certain  cases,  fretting  damage  so  completely 
dominates  fatigue  strength  that  the  effect  of  mean  stress  is  negligible. 

Fretting  fatigue  can  be  minimized  by: 

1.  Eliminating  rubbing  motion;  in  some  cases  clamping  pressure  can 
be  increased  sufficiently  to  eliminate  rubbing.  In  press  fitB, 
clamping  pressure  is  increased  by  increasing  the  nominal  inter¬ 
ference  or  decreasing  the  nominal  area  of  contact.  Increased 
pressures  in  bolted  Joints  can  be  attained  by  using  more  bolts 
and  higher  prestressing.  Coarser  surface  finishes  may  also  be 
effective.  The  complete  elimination  of  the  rubbing  motion, 
however,  is  difficult  to  attain.  Thus  this  approach  is  less 
effective  than  the  redistribution  of  stresses. 

2.  Inhibiting  local  welding;  fretting  damage  can  be  reduced  by  lubri¬ 
cants  which  act  as  antifluxes.  Molybdenum  disulphide  is  most 
often  suggested,  but  its  effectiveness  is  erratic.  Hie  basic 
problem  is  to  find  a  lubricant  that  is  not  squeezed  out  by  the 
clamping  pressure.  This  problem  has  led  to  the  widespread  use 

of  platings  and  coatings.  Several  investigators  have  shown  that 
electroplating  with  the  cadmium,  chromium, nickel,  or  zinc 
Increases  fatigue  strength.  Phoephating  is  also  effective  in 
certain  cases. 

3.  Separating  rubbing  surfaces;  mating  surfaces  are  often  separated 
by  shims  and  Inserts  of  rubber,  plastics,  and  asbestos -reinforced 
resins.  In  seme  cases,  use  of  elastic  flex-arms  to  isolate 
moving  components  from  stationary  components  is  the  only  sure 
remedy. 
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The  only  technique  of  fairly  consistent  effectiveness  in  Increasing 
fretting  fatigue  strength  is  to  Introduce  c oppressive  residual  stresses 
into  one  or  both  of  the  rubbing  surfaces.  Flaae  and  induction  hardening, 
case  hardening  by  carburizing  or  nitriding,  surface  rolling,  and  shot 
peenlng  have  been  used  successfully. 

Selecting  relative  hardnesses  of  Bating  surfaces  to  concentrate  surface 
damage  in  the  least  critical  component  is  worthwhile  whenever  practical. 


Fatigue  Life 
(Log  If) 


TYPICAL  S-N  CURVES  FOR  SPECIMENS  SUBJECTED  TO  SIMULTANEOUS 
FRETTING,  SCORING,  AND  CORROSION  COMBINED  WITH  CYCLIC  STRESS 


FRETTING:  The  fatigue  strength  of  most  engineering  materials  is  signifi¬ 
cantly  reduced  by  fretting  fatigue. 
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8ection  4  -  Design  Methods  for  Preventing  Fatigue  Failure 


ELDGXATE  SCORING  ADD  CORROSION  TO  ENHANCE  FATIGUE  LIFE 


The  designer  must  evaluate  the  environmental  conditions  which  can  cause  surface  damage. 
8corlng  and  corrosion  will  greatly  reduce  the  fatigue  life  of  a  structure. 


In  scoring,  wear  debris  is  flushed 
the  motion  of  the  lubricant  or  the 
bility  of  metal  pairs  with  respect 
tenacity  of  the  surface  films,  are 
scoring. 


from  between  the  rubbing  surfaces  by 
components  themselves.  The  ccmpatl- 
to  localized  welding,  as  well  as  the 
important  factors  in  both  fretting  and 


8urface  damage  is  generally  greatest  when  materials  of  similar  hardness 
are  mated.  For  example,  in  one  experiment  the  fretting  fatigue  strength 
of  hard  steel  specimens  (Rc  40)  was  reduced  to  91,  8l,  59  and  50$  of  the 
unfretted  fatigue  strength  when  clamping  pads  of  aluminum,  soft  steel, 
brass  and  hard  steel  respectively  were  used. 


Metals  that  develop  strong,  tough,  oxide  layers  resist  continued  surface 
damage.  The  same  effect  is  Obtained  artificially  by  surface  coatings  and 
platings . 

Corrlslon  fatigue,  like  fretting  fatigue,  can  be  severe.  As  shown  in  the 
adjacent  figure,  for  moderate  and  severe  corrosive  environments,  the 
fatigue  strength  may  be,  for  all  practical  purposes,  independent  of  mater¬ 
ial  hardness.  Thus,  minor  changes  in  composition  or  processing  often 
provide  no  noticeable  improvement  in  fatigue  strength.  (Even  austenitic 
stainless  steels  are  only  about  50  percent  stronger  than  common  structural 
steels  in  sea  water. )  Only  surface  treatments  and  coatings  are  consistently 
effective  in  improving  corrosion  fatigue  strength. 

Oase  hardening  usually  protects  a  component  against  serious  reduction  in 
fatigue  strength  due  to  corrosion,  even  when  the  case  is  only  a  few 
thousandths  of  an  inch.  Mechanical  work  hardening  by  surface  rolling  also 
provides  effective  protection.  However,  the  damaging  effect  of  simultan¬ 
eous  corrosion  and  cyclic  stress  depends  on  time  as  well  as  on  number  of 
stress  cycles.  Thus  it  is  usually  worthwhile  to  coat  surface-hardened 
components.  Tables  for  the  effects  of  surface  hardening,  surface  rolling, 
and  plating  on  corrosion  fatigue  strength  are  given  in  the  Appendix . 
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CORROSION:  Surface  damage  caused  by  corrosion  or  scoring  will  slgnifi 
cantly  reduce  fatigue  strength. 


Section  V  -  Design  Methods  for  Preventing  Fatigue  Failure 


ZUH DU3  S  SHARP  COPHERB  AID  DffSOTI  FAfflOUE  UFE 

Sharp  edges  are  significant  samrvt*  of  incipient  fatigue  cracks.  Good  practice 
dsmsnds  ellalnatloo  of  this  surface  defect. _ 


Oooi  fatigue  design  always  requires  provision  for  generous  fillets  at 
hath  Internal  and  external  corners.  The  need  for  a  large  fillet  is 
obvious  when  stress  concentrations  exist;  but  generous  fillets  are  also 
important  evwn  when  there  Is  no  stress  concentration,  to  reduce  the  pos¬ 
sibility  that  fatigue  cracks  will  originate  along  sharp  edges. 

Under  a  microscope,  sharp  edges  are  seen  to  be  very  Jagged,  particularly 
when  the  direction  of  machining  is  perpendicular  to  the  edge.  Thus,  a 
sharp  edge  Is  In  effect  a  series  of  small  notches,  each  Increasing  the 
chance  of  local  failure.  Improving  the  surface  finish  only  produces  more 
notches  of  more  uniform  depth.  Por  coarse  surface  finishes,  such  as  cam- 
coaly  result  from  production  machlnirg,  edge  notches  may  be  so  severe  that 
each  may  realistically  be  viewed  is  an  Incipient  fatigue  crack. 

Chamfers  are  especially  effective  In  Improving  fatigue  strength,  when 
they  are  machined  along  sharp  edges  so  that  they  eliminate  perpendicular 
machining  marks.  However,  It  must  be  rsemabered  that  chamfering  Is 
simply  replacing  one  sharp  edge  by  two  moderately  sharp  edges.  Thus  the 
improvement  in  fatigue  strength  for  chamfering  is  seldom  as  great  as  when 
a  sharp  corner  Is  carefully  broken  or  when  a  fillet  Is  machined  along  the 
edge. 

Sharp  edges  left  by  shearing  sheet  metal  ore  especially  detrimental  to 
fatigue  strength;  the  problem  Is  compounded  when  forming  (bending  or 
stretching)  follows  a  shearing  operation.  Since  It  Is  seldom  possible  to 
Insure  that  stamped  components  are  not  highly  stressed  In  a  direction 
parallel  to  their  sheared  edges,  subsequent  operations  such  as  grinding, 
mllllrg,  or  peenlng  to  eliminate  burrs  and  sharp  edges  In  local  areas  are 
often  necessary.  Sometimes,  fatigue  problems  can  be  eliminated  simply  by 
providing  a  beamed  flange,  made  by  folding  the  flange  back  on  Itself. 

lb*  effect  of  sharp  edges  on  fatigue  strength  Is  often  confused  with 
shape-effect.  Shape-effect  data  is  generally  explained  in  terms  of 
volume  of  highly  stressed  material,  cyclic  dependent  material  behavior, 
localised  Inelastic  behavior,  etc.  None  of  these  factors  normally  has  as 
much  Influence  on  fatigue  strength  as  sharp  edges,  especially  for  steels 
between  Rockwell  "C"  scale  45-60.  For  these  hardnesses,  rectangular 
specimens  may  be  only  one-half  as  strong  in  fatigue  as  circular  specimens. 

The  severity  of  the  effect  of  sharp  edges  on  fatigue  life  is  shown  in  the 
adjacent  figure.  Mean  life  is  decreased;  In  a  specimen  with  sharp  edges, 
the  test  data  also  displays  much  more  pronounced  scatter.  Assuming  that 
only  a  small  percentage  of  failures  If.  acceptable,  the  detrimental  effect 
of  sharp  edges  Is  magnified  because  of  Increased  scatter. 

In  areas  of  high  stress,  feather  edges  are  even  more  detrimental  to 
fatigue  strength  than  sharp  edges.  In  such  cases,  a  feather  edge  almost 
guarantees  a  fatigue  problem. 
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FATIGUE- LIFE  DISTRIBUTIONS  FOR  CONVENTIONAL 
SPECIMENS 


SHARP  CORNERS:  The  fatigue  life  of  specimens  with  sharp  corners  Is 
significantly  reduced  from  the  norm. 
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VOLUME  III  -  CHAPTER  5 

Section  4  -  Design  Methods  for  Preventing  Fatigue  Failure 


IMPROVE  SURFACE  FINISH  TO  IMPROVE  FATIGUE  STRENGTH 


The  depth  and  direction  of  surface-finish  marks  are  important  factors  in  the  fatigue 
strength  of  a  part. 


Surface  finish  is  one  of  the  most  complex  areas  of  fatigue  analysis 
because  residual  stresses  cannot  be  disassociated  from  true  surface- 
finish  effects.  It  is  important  therefore  that  data  from  curves  such  as 
those  in  the  upper  figure  at  the  right  be  used  with  caution.  Experience 
has  shown  that  "direction"  of  surface  finish  is  as  important  as  the  finish 
itself.  The  effect  of  surface  finish  on  components  produced  by  such 
processes  as  shaping;  broaching,  and  milling  depends  largely  on  the  number 
and  size  of  the  deepest  surface -finish  marks.  Deep  surface  scratches 
should  not  lie  perpendicular  to  the  direction  of  stressing.  Drawings 
should  specify  direction  of  machining  for  components  critical  in  fatigue. 

Moat  components  are  highly  susceptible  to  failure  at  deep  tool  marks  in 
fillets  and  other  transition  sections  adjacent  to  hardened  surfaces.  The 
problem  often  arises  because  less  care  is  taken  in  rough  machining  when 
stock  is  to  be  left  for  subsequent  grinding.  Deep  tool  -arks  are  especi¬ 
ally  detrimental  to  fatigue  strength  in  transition  areaB  if  the  material 
is  hardened  and  therefore  more  notch-sensitive,  or  if  the  material  has 
been  somehow  weakened.  Simple  remedies  to  this  problem  are:  greater  care 
in  machining  transition  areas,  and  routine  grinding  of  troublesome  tran¬ 
sition  areas. 

Assuming  that  deep  tool  marks  are  eliminated,  there  is  a  point  of  dimin¬ 
ishing  return  In  further  improving  surface  finish,  as  shown  in  the  lower 
figure.  Thus,  gentle  grinding  (finishing  with  a  moderately  light  cut) 
will  give  the  best  results.  Precise  rms  values  are  difficult  to  state 
because  the  effect  of  surface  finish  depends  on  the  hardness  of  the 
material,  and  residual  stresses  are  generally  erratic  in  their  effect  on 
surface  finish. 

Gentle  grinding  ha6  a  secondary  beneficial  effect  in  that  ground  surface 
finishes  tend  to  be  more  uniform  from  component  to  component.  This 
reduces  the  magnification  factor  (as  discussed  In  the  section  on  sharp 
corners).  Abrasive  tumbling  or  shot  peening  is  often  beneficial  in  im¬ 
proving  the  fatigue  strength  of  ground  surfaces . 
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Section  U  -  Design  Methods  for  Preventing  Fatigue  Failure 
IMPROVED  DUCTILITY  AND  IMPACT  STRENGTH  ALSO  IMPROVES  FATIGUE  LIFE 


High  ductility  and  good  impact  strength  are  important  considerations  in  selecting 
materlalB  for  finite-life  fatigue  applications. 


High  ductility  (particularly  notch  ductility)  and  good  impact  strength 
are  important  considerations  in  selecting  materials  for  finite-life 
fatigue  applications.  On  the  other  hand,  these  parameters  have  little 
effect  on  fatigue  limits.  Conversely,  material  parameters  such  as  hard¬ 
ness  and  tensile  strength  are  important  in  establishing  fatigue  limits 
but  may  or  may  not  be  important  in  finite-life  fatigue,  depending  on  the 
mode  of  cyclic  straining. 

Fatigue  life  is  dictated  by  the  range  of  strain  regardless  of  the  alloy 
when  cyclic  strains  fluctuate  between  fixed  limits  (see  adjacent  figure). 
As  a  rule  of  thumb,  a  range  of  strain  of  0,02  inches/inch  (+  0.01 
inches/inch)  i.e.,  2  percent,  gives  a  fatigue  life  of  about  500  cycles 
for  unnotched  specimens  of  various  structural  alloys.  Accordingly,  the 
universal  remedy  for  low-cycle  fatigue  applications  (whether  the  material 
is  notched  or  not)  is  to  reduce  the  range  of  cyclic  strain.  Since  the 
total  range  of  strain  is  governed  by  Equation  1: 

(where A«t  =  total  range  of  strain,  in. /in. ;  A«e  =  elastic  range  of  strain; 
A«p  =  plastic  range  of  strain)  this  reduction  can  be  accomplished  in  two 
ways;  by  selecting  materials  with  higher  elastic  moduli,  and  higher  cyclic 
yield  strengths.  Cyclic  strain  hardening  materials  are  preferable  to 
cyclic  softening  for  applications  involving  constant-amplitude  loads.  With 
the  strain  hardening  material,  the  actual  range  of  strain  will  diminish 
during  fatigue  stressing. 

Notch  ductility  is  not  particularly  important  in  long-life  fatigue 
because  nominal  stress  amplitudes  are  relatively  small.  At  these  stress 
amplitudes  the  bulk  material  experiences  only  elastic  stresses.  This 
means  that  the  stress-strain  behavior  of  the  very  small  volume  of  highly 
stressed  material  at  the  root  of  a  notch  is  governed  by  the  elastic 
behavior  of  the  bulk  material.  Accordingly,  the  material  at  the  root 
of  the  notch  appears  to  behave  elastically  with  regard  to  range  of  strain, 
even  though  localized  yielding  may  have  taken  place.  Thus,  fatigue 
strengths  are  not  markedly  influenced  by  the  type  of  notch;  that  is,  only 
the  magnitude  of  has  primary  importance. 

For  large  nominal  stresses,  such  as  are  Imposed  during  low-cycle  fatigue, 
much  more  material  at  the  root  of  the  notch  is  highly  stressed.  In 
addition,  the  bulk  material  itself  may  even  exhibit  same  plastic  deforma¬ 
tion.  Local  strains  are  much  larger  than  elastic  strains  computed  with¬ 
out  considering  yielding.  These  strains  may  be  so  large  that  fatigue 
strength  is  dominated  by  the  static  strength  of  the  notched  material. 

This  means  that  the  type  of  notch  is  very  important  in  determining 
strength.  For  sharp  circumferential  notches  the  resulting  three- 
dimensional  state  of  stress  results  in  notch  strengthening.  But  for 
sharp  two-dimensional  notches  (for  example,  V-notches  in  sheet  stock) 
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the  notched  strength  nay  be  reduced  to  well  below  the  yield  strength  of 
the  unnotched  sheet.  Thus,  sharp  two-dimensional  stress  raisers  should 
be  avoided.  When  they  cannot,  a  material  should  be  selected  with  high 
notch  ductility. 

High  notch  ductility  is  even  more  important  after  a  material  has  Initiated 
a  fatigue  crack  during  service  loading.  Ideally,  the  presence  of  a 
fatigue  crack  only  decreases  the  static  strength  in  proportion  to  the 
cracked  cross-sectional  area.  However,  even  materials  with  high  nominal 
ductility  are  seriously  weakened  by  fatigue  cracks. 

Hie  influence  of  impact  strength  on  selecting  materials  to  obtain  good 
finite-life  fatigue  characteristics  is  similar  to  that  of  notch  ductility 
for  cracked  specimens,  except  that  the  cracked  component  is  now  viewed  as 
a  nonconventional  impact  specimen.  Ihe  (potential)  presence  of  a  fatigue 
crack  is  sufficiently  serious  to  warrant  specifying  good  impact  strength. 
Materials  with  sharp  ductile-brittle  transition  temperatures  should  be 
avoided,  especially  where  low  service  temperatures  occur  from  time  to  time. 
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DUCTILITY:  The  relationship  between  total  strain  amplitude  and  fatigue 
life  is  illustrated. 
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GLOSSARY 


Cycle  -  The  complete  sequence  of  values  of  a  periodic  quantity  that  occur 
during  a  period. 

Degrees  of  Freedom  -  The  numbe::  of  degrees-of-freedom  of  a  mechanical 
system  is  equal  to  the  minimum  number  of  independent  coordinates  required 
to  define  completely  the  positions  of  all  parts  of  the  system  et  any 
instant  of  time. 

Ductility  -  The  property  of  undergoing  considerable  permanent  deformation 
when  tested  in  tension.  This  property  is  correlated  with  ability  to  be 
drawn  into  a  wire.  Ductility  is  measured  by  percent  elor.gai.ion  and 
percent  reduction  of  area  from  the  tensile  test. 

Elastic  Limit  -  The  greatest  stress  which  a  material  is  capable  of  with¬ 
standing  without  permanent  deformation  upon  release  of  stress. 

Endurance  Limit  -  The  maximum  stress  to  which  a  material  may  be  subjugated 
many  millions  of  times  without  failure.  Ten  million  cycles  without  failure 
is  ger erally  regarded  as  indicating  a  stress  below  the  endurance  limit  for 
steel . 

Failure  -  An  irreversible  process  of  o] -  ation  outside  rf  specified  toler¬ 
ances,  upor  removal  of  the  environmental  load,  the  equipment  remains 
i:  operative  or  out  of  tolerat.ee. 

Fatigue  -  Progressive  fracture  of  a  member  by  means  of  a  crack  which  spreads 
under  repealed  cycles  of  stress.  Resistance  to  fatigue  is  often  expressed 
ir.  terms  of  "Endurance  Limit,"  but  this  term  pertains  to  a  specific  test 
>.  et. erally. 

Natural  Frequency  -  The  frequency  of  free  vibration  of  the  syster .  For  a 
multiple  degree-of- freedom  system,  the  .natural  frequencies  are  the  fre¬ 
quencies  of  the  normal  modes  of  vibration. 

Random  Vibration  -  Vibration  whose  instantaneous  magnitude  is  not  specified 
for  any  given  instant  of  time.  The  instantaneous  magnitudes  of  a  random 
vibration  are  specified  only  by  probability  distribution  functions  giving 
the  probable  fraction  of  the  total  time  that  the  magnitude  (or  some  sequence 
of  magnitudes)  lies  within  a  specified  range.  Random  vibration  contains  no 
periodic  or  quasi-periodic  constituents.  If  random  vibration  has  instanta¬ 
neous  magnitudes  that  occur  according  to  the  Gaussian  distribution,  it  is 
called  "Gaussian  Random  Vibration." 

Stiffness  -  The  ratio  of  change  of  force  (or  torque)  to  the  corresponding 
change  in  translational  (or  rotational)  deflection  of  an  elastic  element. 

Stress  -  Internal  force  exerted  by  either  of  two  adjacent  parts  of  a  body 
upon  the  other  across  an  imagined  plane  of  separation. 

TransmiBSlblllty  -  Non-dimensional  ratio  of  the  response  amplitude  of  a 
system  in  steady-state  forced  vibration  to  the  excitation  amplitude.  The 
ratio  may  be  one  of  forces,  displacements,  velocities,  or  accelerations. 
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SYMBOLOGY 


a 


A 


a 


eq 


C 

C 

s 

D 

f 

f 

n 

F(f) 

g 


«r 

geq 

1(A) 

K 

Kf 

M 


Characteristic  of  the  varying  load,  the  ratio  of  stress 
amplitude  to  mean  stress 

Characteristics  of  the  S-N  curve,  where  NS^  =  C 

Equivalent  sinusoid  input  level,  g 

Fatigue  constant,  NS^  =  C 

Stress  factor,  psi/g  S  =  CsQgln 

Damage  Index,  D  =  Z(n/N) 

Frequency,  Hz 

Natural  frequency,  Hz 

Input  random  vibration,  g2/Hz 

Acceleration  amplitude,  0  to  peak,  g 

rms  g  level  (response),  g 

Equivalent  sine  level,  response,  g 

Integral  which  is  a  function  of  A 

Sweep  rate,  octaves  per  minute 

Fatigue  strength  reduction  factor 

Number  of  sine  sweep  cycles 

Number  of  applied  stress  cycles 

Total  number  of  stress  cycles 

Number  of  stress  cycles  to  failure 

Probability  of  occurrence  of  stress  level  S 

Amplification  factor  at  resonance 

Ratio  of  minimum  stress  to  maximum  stress 

Stress,  psl 

Nominal  alternating  stress,  psi 

Fatigue  safety  factor 

Fatigue  strength,  psl 

Fatigue  strength  from  laboratory  tests 

rms  stress  level,  psi 

Ultimate  strength,  psi 

Test  time,  minutes 

Test  time  at  resonance,  minutes 

Total  Test  Time 
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FILLETS  AND  NOTCHES 


PROPER  WAY  TO  UNDERCUT 
A  FILLET 


Better 


This  not  only  decreases  stress  concentration,  but  also  decreases 
nominal  stress  at  the  critical  section. 


"STREAMLINED"  FILLETS  EOR  VARIOUS  EFFECT  OF  STRESS -RELIEVING 
TYPES  OF  LOADING  NOTCHES  ON  STRESS  FLOW  LINES 


v\  \  \ 


m 


Stress 

Concentration 


Stress -Relieving 
Notches 


a)  Plate  in  tension  or  compression 

b)  Plate  in  bending,  and  shaft  in 
tension 

c)  Shaft  in  bending  or  torsion 
Such  fillets  help  lower  stress- 
concentration  factors. 


Weakened 
Area  \ 


Because  stress  concentrations 
are  smaller  with  these  notches 
flow  lines  become  less  abrupt. 


aTECT  OF  SUPERIMPOSED 
STRESS  CONCENTRATIONS 


In  this  case,  running  the  spot-face  into  the  fillet  of 
the  bearing  support  bracket  can  cause  failure. 
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OQMKXI  FACTORS  HFLUBfCIHG  FATIGUE  STRHK3TH 


Table  1  -  Effect  of  Surface  Hardening  on  Corrosion 
Fatigue  Strength*  of  Steel 


Fatigue  Strength  (£  of  original) 

Material  and  Treatment 

Air 

Fresh  Water 

3 i  NaCl 

1045  Steel  (100)1  -  36,300  psl) 

normalized,  no  surface 

protection 

100 

65 

39 

Short-period  nltrlding 

140 

142 

77 

Shot  peenlng 

116 

•  •  • 

79 

Induction  hardening 

187 

187 

140 

Induction  hardening  with 
subsequent  zinc  coating 

•  •  • 

•  •  • 

177 

Alloy  Steel  (100)1  «  78,100  pel) 

Nitrided 

100 

100 

i  •  < 

Alloy  Steel  (100)1  «  104,600  psl) 

Hltrlded 

100 

81 

•  •  ■ 

•All  steels  have  fatigue  limits  of  107  cycles;  nitrided  alloy  steel 
with  104,600  psl  fatigue  strength  has  fatigue  limit  of  10 5  cycles. 


I  * 


Table  2  -  Effect  of  Surface  Rolling  on  Corrosion 
Fatigue  Strength*  of  Various  Steels 


Ultimate 
Tensile 
Strength 
(1000  psl) 

Corrosion  Fatigue  Strength 

In 

Air 

(1000  psl) 

In  Air 

After 
Surface 
Rolling  (£) 

In 

Water 

( i ) 

In  Water 
After 
Surface 
Rolling  d) 

45.5 

31.9 

102 

77 

95 

63.3 

29.9 

131 

88 

107 

65.4 

33.4 

132 

73 

101 

98.1 

44.9 

119 

53 

98 

101.0 

42.7 

129 

47 

106 

137.5 

57.7 

118 

48 

90 

139.4 

54.0 

111 

55 

84 

•Bending  fatigue  limit  ■  2  x 

lC^  cycles. 
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Tfcble  3  -  Effect  of  Platings  and  Coatings  on  Corrosion 
Fatigue  Strength  of  1050  Steel 


Type  of 

Surface  Protection 

Corrosion  Fatigue  Strength  ($  of  original) 

Cold -Drawn 
(100%  = 

54,900  psi) 

Normalized 
(100%  = 

36,700  psi) 

Air 

Salt  Spray 

Air 

Salt  Spray 

None 

100 

14 

100 

24 

Enamel 

93 

44 

105 

68 

Hot  galvanizing 

101 

95 

90 

101 

Zinc  electroplating 

100 

87 

98 

90 

Cadmium  electroplating 

93 

77 

93 

34 

Cadmium  plating  and  enamel 

95 

72 

96 

82 

Phosphatlng  and  enamel 

93 

44 

106 

79 

Spray  metallizing  with  A1 

105 

80 

•  •  • 

*  *  * 

Spray  metallizing  with  A1 

and  enamel 

103 

93 

•  •  • 

•  •  • 

~1*'  #*  •*— 
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VALUES  OF  I  (A) 


When  A  is  an  odd  integer: 
When  A  is  ar.  even  integer: 


1  (fl)  ‘  I1'*’1 

I  (A)  ■  [l,  3, 
(A)  =  2,  4,  6, 


2 

x 


A  .  I  (A) 

A  ’  I  (A) 

A 

I  (A) 

2  2 

10  3.84  x  103 

18 

18.58  x  107 

3  3.756 

11  13.OI  x  103 

19 

81.97  x  107 

CO 

12  46.08  x  K>3 

20 

37.16  x  10® 

5  18.78 

13  16.92  x  104 

21 

| 

17.21  x  109 

! 

6  48 

14  64.51  x  104 

22  * 

81.75  x  109 

7  131A6 

15  25.38  x  105 

23 

39-59  x  lo’" 

8  394 

16  103.2  x  105 

9  i  1.183  x  103 

i 

17  43.14  x  10b 

1 

A 

A  Is  a  parameter  in  the  equation  for  an  S-N  cur/e,  where  NS  =  C. 
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PROBLEM  ON  FATIGUE  DAMAGE  DURING  RANDOM  VIBRATION 


4  * 


Illustrative  Example: 

Consider  the  following  Illustrative  example  (the  equations  evaluated  are 
taken  from  page  5.3-3,  Section  3). 

The  material  lias  no  endurance  limit,  the  total  test  time  is  30  minutos. 

f  =  100  Hz 

n 

F(f)  =  0.0k  g^/Hz  from  5  to  1000  Hz 

C  =  1250  psi/g 

s 

C  =  ( 75,  OOO)10 

Q  =  10 

A  =  10 

1(A)  =  3.84  x  103 

Solving  Equation  (10); 

(1250  g  )10 

D  =  - To~ 

(75,000) 

Simplifing  Equation  (10); 


From  Equation  ( 11 ) ; 

gr  ,  yf  ( 0. 04  )(100)(10)  =  7.91 

Completing  Equation  (10); 

D  -  (tItHo)10  <6-91  x  ic,8)  ■  ^ 

Therefore,  failure  is  expected. 


(See  adjacent  chart. ) 


(60)(30)(100)(3.84  x  103) 
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A  TYPICAL  APPLICATION  OF  THE  S-N  DIAGRAM 


Assume  a  prismatic  bar  which  is  to  be  subjected  to  an  alternating  stress 
(load/cross-sectional  area)  of  +60,000  psi  (tension)  maximum  and  -30,000 
pal  (compression)  minimum.  At  this  stress  ratio  (R),  what  is  the 
anticipated  fatigue  life  of  the  bar  for  the  typical  material  shown  in  the 
S-N  plot  at  the  right? 

Stress  Ratio  (R)  =  Minimum  Stress 
Maximum  Stress 

R  =  -30,000  psi  =  _0<5 

+60,000  psi 

Examination  of  the  S-N  plot  will  show  that  the  worst  case  (lowest  fatigue 
life  for  a  particular  value  of  maximum  stress)  will  occur  when  R  =  -1.0. 
Hiis  represents  the  completely  reversing  stress  situation.  Most  fatigue 
data  is  taken  in  the  materials  laboratory  by  specimens  loaded  in  this 
manner;  a  rotating  beam  type  specimen  with  a  load  in  the  center  and 
supports  at  the  ends. 

Also  of  interest  from  the  S-N  plot  is  the  relative  increase  in  fatigue 
life  (for  a  given  maximum  stresu  value)  as  the  value  of  the  stress  ratio 
(R)  becomes  larger  positively.  As  the  value  of  (R)  becomes  very  large, 
the  maximum  stress  approaches  the  ultimate  strength  of  the  material. 

For  R  =  -0.5 

and  Maximum  Stress  =  +60,000  psi 

Fatigue  Life  =  10^  cycles 

If  the  maximum  stress  were  increased  to  70,000  psi,  at  the  same  stress 
ratio  R  =  -0.5  (minimum  stress  also  increased  to  -35>OOQ  psi),  then  the 
anticipated  fatigue  life  will  reduce  to  1C r  cycles. 

Similarly,  if  the  designer  can  find  a  way  to  make  the  stress  ratio  more 
positive  by  altering  the  support  geometry,  then  the  expected  fatigue  life 
may  be  increased  dramatically  for  the  same  maximum  stress. 

Hie  designer  should  also  note  that  most  fatigue  data,  similar  to  that 
shown,  is  a  plot  of  the  mean  experience  at  that  particular  set  of 
parameters.  In  other  words,  50  percent  of  the  specimens  will  fail  at 
this  value  and  50  percent  will  not.  The  data  scatter  is  log-normally 
distributed,  and  adheres  to  the  laws  of  the  Gaussior.  function.  The 
importance  is  in  the  potential  erosion  of  the  safety  factor  for  a 
particular  set  of  design  parameters. 
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USING  THE  MODIFIED  GOODMAN  ( CONSTANT- LIFi,)  DIAGRAM 


Ihe  Goodman  plot  synthesizes  a  theory  of  failure  for  loading  situations 
where  an  alternating  stress  is  superimposed  on  a  steady  Btreas.  This 
plot  (shown  at  right)  defines  a  failure  surface  that  is  conservative; 
that  is,  most  failure  points  (stress  ratio  parameters)  fall  outside  of 
the  arbitrary  straight  line.  The  Gerber  failure  surface  is  perhaps  more 
realistic,  but  the  Goodman  theory  represents  a  conservative  approach  and 
is  easy  to  use. 

The  classic  Goodman  diagram  has  recently  been  modified  into  a  constant- 
life  diagram,  which  has  utility  for  the  stress  analyst  in  manipulating 
the  fatigue  parameters  of  loading  conditions  and  material  properties,  for 
a  given  or  desired  fatigue  life.  Constant  life  plots  are  assembled  in 
recent  handbooks  (e.g.,  Reference  6)  for  a  variety  of  engineering  materials. 

Shown  at  right  in  the  lower  plot,  is  the  modified  Goodman  plot  for  a 
7075-T6  wrought  aluminum  alloy.  The  test  specimen  had  a  polished  (900  grit) 
surface  finish,  and  exhibited  ultimate  and  yield  tensile  strengths  of 
82  ksi  and  72  ksi  respectively.  The  loading  direction  was  axial  (tension 
and  compression)  for  the  constant-life  diagram  shown. 

Assume  that  a  service  life  of  10^  cycles  was  required  for  a  given 
situation  using  this  alloy.  If  the  steady- state  stress  (mean  stress)  was 
known,  (say  for  example  20  ksi)  what  alternating  stress  or  stress  amplitude 
could  safety  be  superimposed  on  this  structure  and  still  maintain  the 
10^  cycle  life  requirement?  Moving  into  the  diagram  at  a  mean  stress 
value  of  20  ksi,  the  alternating  stress  intercept  at  10^  cycles  can 
be  seen  as  30  ksi.  This  corresponds  to  a  loading  situation  where 
R  =  -0.2  and  A  =  +1.5.  The  factor  ^  as  before,  is 

r  =  Minimum  Stress 
Maximum  Stress 

and 

A  =  Stress  Amplitude 
Mean  Stress 

The  loading  parameters  are  determined  by  construction  of  a  line  through  the 
origin,  upwards  to  the  A  and  R  axis;  A  =  +1-5  and  R  =  -0.2  for  this  case. 

The  importance  of  a  change  in  stress  ratio  to  fatigue  life  for  a  given 
alloy  may  be  easily  assessed  from  the  diagram. 

Assume  another  example  to  exercise  the  plot;  for  a  maximum  stress  of  60  ksi 
and  a  minimum  stress  of  20  ksi,  what  would  be  the  anticipated  fatigue  life 
for  this  alloy?  Plotting  Smin  and  Smax  indicates  an  alternating  stress  of 
20  ksi  and  a  mean  stress  of  40  ksi.  The  loading  parameters  are  R  =  0.33  and 
A  =  0.5,  which  checks  with  the  loading  situation.  The  anticipated  fatigue 
life  lies  between  105  and  10°  cycles. 
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THSORIIB  CF  FAILURE 


Ratio 


Allowable  Stress 


lurance  Limit 


Gerber  Theory 


-1.0  / 


/  Goodman  Theory 


Ratio 


Steady  Stress 
Tensile  Streni 


Loading  Parameters  (A  and  R) 

4.0  2.33  1.5  A=1 

-0.6  -0.4  -0.2  R=0 


R  =  0.33;  A  -  0.5 


Case  #1  ^0 


40  V. 


Ip  30 


Maximum  Stress  (ksi) 


\oTj\/  /  50  O 

,/  A  in5  Material 

\JS  //  f  J>  Properties:  4< 
4  X  6  /  UTS  «  80  ksi  * 

JX,10  S  *  TYS  »  72  ksi  / 

r  ,  v  ^  Maximum  Stress  (ksi) 

/  \  Unnotched  Specimens 

r  10  Notched  Specimens  K  =  3.4 

w 


-20  Origin  20 

^ -  Minimum  Stress  (ksi) 


TYPICAL  CONSTANT  LIFE  DIAGRAM  FOR  7075-T6  WROUGHT  ALLOYS 
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CALCULATING  A  SAFETY  FACTOR  IN  A  REPETITIVELY  LOADED  MEMBER 


Illustrative  Problem:  A  rectangular  steel  bar  with  a  circular  hole  in 
it  is  subjected  to  an  alternating  bending  stress  of  35»000  psi.  The 
mean  stress  is  0  (that  is,  R  =  minimum  stress/maximum  stress  =  -l). 

The  fatigue  strength  is  45,000  psi.  The  factor  of  stress  concentration 
for  repeated  stress  (the  fatigue-strength  reduction  factor)  is  1.20. 
What  is  the  fatigue  safety  factor? 


=  30,000  psi 
Sjj  =  45,000  psi 


Kf  =  1.2 

Evaluating  Equation  (l):  (from  Section  4,  page  5.4-3) 


Sf  - 


=  1.8 


A  more  complete  discussion  cf  tn*s  topic  appears  in  Chapter  4,  Volume  III, 
entitled  "Stress  Concentration."  The  topic  illustrating  the  strength 
calculation  for  members  subjected  to  repeated  loads  (page  4.3-4)  treatB 
this  subject  in  detail.  In  summary,  it  may  be  said  that  the  geometric 
stress  concentration  factor  and  material  notch  sensitivity  may  be  used  to 
estimate  the  fatigue  life  reduction  factor.  Further,  the  factor  may  be 
corrected  for  loading  type,  size  effect,  and  surface  finish.  The 
corrected  factor  is  then  close  to  the  actual  structural  situation  and 
yields  good  results. 

For  additional  Information  see  R.  J.  Roark,  "Formulas  for  Stress  and  Strain" 
McGraw-Hill  Book  Company,  Articles  8,  9>  10  and  Table  XVII. 
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CHAPTER  6 
DYNAMIC  SIMULATION 


ABSTRACT 


The  science  of  testing  to  simulate  the  dynamic  environments  has  several 
useful  functions  for  the  equipment  engineer.  First,  the  required 
Quality  Assurance  Tests  represent  the  first-line  of  design  loads  criteria 
upon  which  the  strength  of  the  package  is  scaled.  The  successful!  com¬ 
pletion  of  these  tests  also  provides  a  level  of  assurance  of  the  dynamic 
structural  integrity  of  the  equipment  package.  Secondly,  the  same  test 
experiences  may  he  used  as  developmental  tests  to  establish  dynamic 
parameters  of  the  equipment  support  structure.  Some  of  the  test  pro¬ 
cedures  may  also  be  useful  as  procurement  test  standards  for  components 
and  small  equipment  elements. 

This  chapter  reviews  some  of  the  qualitative  details  of  the  Army' 8 
spectrum  of  dynamic  tests,  the  machines  used  to  accomplish  these  tests, 
and  some  insight  into  problems  of  flxturlng,  instrumentation,  and  failure- 
acceptance  criteria.  Most  importantly,  the  dynamic  excitations  resulting 
from  each  test  experience  are  delineated  in  the  frequency  domain,  and  the 
design  implications  of  the  experience  discussed. 
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Section  1  -  Introduction 


IflX  DCGRRMCS  OP  BSn&GfMEmL  AMD  QOALITI  ASSURANCE  TESTS  TO  BSJPIHDSMT 

DSrKXSMEMT  PROGRAMS 

The  equipment  designer  bu  two  categories  of  dynastic  tests  to  deal  with;  the  develop¬ 
mental  test  to  Investigate  load  paths  and  structural  responses;  and  the  Quality 

Assurance  Provisions  which  are  contractually  required.  _ _____ 

There  are  two  important  sources  of  design  loading  criteria  for  Artsy 
equipment  package;  the  service  environment  which  the  equipment  is  con¬ 
strained  to  operate  within,  and  the  Quality  Assurance  provisions  which 
the  equipment  is  contracturally  required  to  meet.  In  general,  the  equip¬ 
ment  designer  la  mainly  concerned  with  meeting  the  contra ctur&l  test 
requirements  delineated  in  paragraph  4.0  of  the  equi patent  procurement 
specification.  The  degree  to  which  the  Quality  Assurance  testa  represent 
the  actual  service  environment  la  the  responsibility  of  the  procuring 
agency;  the  equipment  MUST  pass  the  specified  dynamic  tests. 

The  range  of  Quality  Assurance  testa  normally  employed  by  the  Army  are  of 
the  demonstrations!  type,  that  is  the  equipment  is  required  to  demonstrate 
Its  ability  to  survive  a  group  of  random  dynamic  tests  such  aa  bounce, 
road  mobility,  and  railroad  humping.  The  exact  spectra  of  teats  normally 
specified  for  Army  equipment  systems  are  tabulated  by  equipment  class  in 
the  accompanying  figure.  The  equipment  must  survive  the  test  experiences 
without  structural  failure,  or  without  functional  degradation,  depending 
upon  the  specified  acceptance  criterion;  operating  or  non-operating. 

Since  the  equipment  specimen  experiences  some  go-no-go  type  test  exper¬ 
iences,  there  has  been  a  tendency  on  the  part  of  the  packaging  designers 
to  fabricate  an  equipment  package  purely  on  a  functional  basis,  and  gloss 
over  the  structural  analysis  in  favor  of  the  Quality  Assurance  test,  which 
will  pass  or  fail  the  equipment.  The  obvious  weakness  in  this  approach  la 
the  late  awareness  of  structural  problems  (which  are  usually  solved  on  a 
crash  basis  late  in  the  program,  at  great  expense),  or  the  gross  over- 
design  of  the  structure  resulting  In  a  weight  penalty.  Neither  approach 
is  totally  satisfactory.  The  answer  to  this  problem  is  a  better  definition 
of  the  transfer  characteristics  of  the  dynamic  energy  passing  through  the 
equipment. 

The  input  excitations  presented  in  this  chapter  are  representative  of  the 
range  of  loads  to  be  expected  from  given  teat  requlrssients .  These  input 
loads  are  for  SX9TB(  Inputs;  that  is,  the  loads  are  those  which  say  be 
expected  at  the  interface  of  the  teat  specimen  and  the  teat  machine.  The 
input  excitations  must  be  used  carefully  during  preliminary  design,  since 
differences  in  equipment  stiffness  and  weight  (or  natural  frequency),  and 
damping  characteristics  (which  affects  resonant  rise)  will  have  a  feed¬ 
back  effect  on  the  test  machine.  In  same  oases,  this  effect  nay  change 
the  magnitude  and  frequency  characteristics  of  the  input  load. 

The  beat  approach  to  define  firm  input  loads  and  transfer  functions  In 
complex  equipment  packages  is  a  well  conceived  developmental  te*rt  program. 
Developawntal  testa  are  conducted  on  structurally  similar  models  during 
the  preliminary  stages  of  an  equipment  program  to  determine  response 
characteristics  of  the  support  structure  and  bracketxyr.  Aa  the  equipment 
takes  shape,  the  same  teats  may  be  repeated  on  more  representative  hard¬ 
ware  to  establish  confidence  that  the  equipment  will  pass  the  Quality 
Assurance  teats.  In  this  manner,  more  efficient  structure  may  be  gener¬ 
ated  far  the  equipment  package  since  the  dynamic  loads  and  energy  transfer 
characteristics  will  be  firmly  established. 
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The  equipment  designer  thus  has  two  categories  of  tests  to  apply  to  the 
equipment  package  structure;  the  developmental  test  which  aids  in  the 
definition  of  loads,  load  paths  and  responses;  and  the  Quality  Assurance 
provisions  which  he  must  contracturally  pass  within  prescribed  limits, 
and  which  generally  dictate  the  design  loads  criteria. 


EQUIPMENT  CLASS  SUMMARY 

1.  Transported  as  loose  cargo  -  Man-packed 

2.  Vehicular  Mounted  -  Non-operating 

3.  Vehicular  Mounted  -  Operating 

U.  Tracked  Vehicular  Mounted  —  Non-operating 

5.  Tracked  Vehicular  Mounted  -  Operating 

6.  Airborne  -  Operated  or  Transported 

QUALITY  ASSURANCE  TEST  REQUIREMENTS  SUMMARY 

.  * _ m  v 

*  vsxtaoo  y 

1  2  3  4  5  6 

SHOCK 

Ballistic 

X  X 

Bench  Drop 

X  X  X  X  X 

Shipping  Drop 

X  X  X  X  X 

Shaped  Pulse 

X 

Railroad  Hump 

X  X 

VIBRATION 

Survey 

XX  X  X 

Dwell 

X 

SPECIAL 

Cargo  Bounce 

X 

Vehicular  Bounce 

X  X  X  X 

Road  Mobility 

X  X  X  X 

EQJUIFMENT  CLASS  AND  QUALITY  ASSURANCE  TESTS’  Army  equipment  systems  are 
normally  required  to  pass  a  set  of  dynamic  tests,  as  dictated  by  the 
equipment  class. 


} 


6.1-1 


F*r  M  S“*y*i*  V 


VOLUME  III  -  CHAPTER  6 
Section  1  -  Introduction 


SHOCK,  VIBRATION,  AND  CCMPIEX  EXCITATIONS  RESULTING  FROM  THE  QUALITY  ASSURANCE  TESTS 


The  dynamic  teats  required  by  Army  Quality  Assurance  provisions  may  be  categorized 
into  three  groups  according  to  characteristics  of  the  excitation;  shock,  vibration. 


The  dynamic  test  environments  discussed  in  this  chapter  will  be  categorized 
into  three  groups;  vibration,  shock,  and  special  test  requirements.  Each 
of  these  test  categories  and  all  of  the  individual  tests  included  within 
them  are  required  by  Quality  Assurance  Provisions  of  the  equipment  contract. 

Vibration  is  a  mechanical  oscillation  featuring  a  displacement  about  a 
central  point  or  equilibrium  datam  level.  Vibration  is  Inherent  in  most 
modes  of  transport,  particularlly  transport  by  aircraft  or  ship,  as  well 
as  ground  vehicles.  Failure  of  equipment  structure  as  a  result  of  pro¬ 
longed  vibration  may  take  two  basic  modes;  a  fatigue  of  the  structural 
material  which  is  manifest  as  a  crack  leading  ultimately  to  fracture;  and/or 
an  excessive  excursion  of  the  equipment  elements  resulting  from  a  resonant 
rise  excited  by  repetitive  loading  at  a  frequency  numerically  near  the 
natural  frequency  of  the  equipment.  Vibration  Inputs  encountered  in  the 
range  of  Quality  Assurance  tests  may  be  sinusoidal,  as  in  the  case  of  the 
resonant  survey,  or  they  may  be  random  as  typified  by  vehicular  bounce. 

Shock  is  characterized  by  a  sudden,  relatively  large,  displacement  within 
a  short  time  period  which  tends  to  develop  significant  forces  within  a 
system.  Shock  loads  occur  in  a  variety  of  ways  during  the  service  envir¬ 
onment.  Bounce  and  drop  during  transport  as  well  as  ballistic  Impact  of 
a  near-miss  are  examples  of  shock  loadings  common  to  Army  equipment. 

Failure  of  equipment  exposed  tc-  shock  energies  may  be  manifest  as  initial  „  , 

fracture  from  the  overload  resulting  from  dynamic  simplification;  overex- 
curslon  of  the  equipment  elements  due  to  the  impact  causing  collision  of 
adjacent  elements;  or  in  rare  cases  a  fatigue  failure  resulting  from  the 
excitation  of  structural  elements  at  their  natural  frequency  due  to  the 
shock  Impact.  Shock  loads  resulting  from  the  specified  Quality  Assurance 
tests  may  be  complex  in  their  time  characteristics  (e.g.,  railroad  hump¬ 
ing)  or  they  nay  be  tailored  to  a  specific  pulse  such  as  the  crash  safety 
requirement  for  airborne  equipment.  The  shock  Information  presented  for 
design  criterion  in  this  section  is  given  in  frequency  spectra  format,  a 
style  that  is  readily  adapted  to  structural  analysis. 

Certain  of  the  special  Quality  Assurance  tests  contain  elements  of  both 
shock  and  vibration  excitations.  Bounce  tests  and  road  mobility  tests 
are  examples  of  this  category  of  dynamic  excitation.  The  dynamic  distur¬ 
bances  into  the  base  of  the  equipment  elements  are  random  and  complex  and 
are  most  conveniently  displayed  as  power  spectral  density  plots.  Failure 
of  equipment  elements  due  to  this  special  environment  may  follow  the  form 
of  either  the  vibration  or  shock  failure  modes.  This  test  category  is 
used  to  demonstrate  endurance  of  equipment  packages,  in  lieu  of  a  sinu¬ 
soidal  vibration  dwell.  The  excitations,  being  complex,  are  quite  repre¬ 
sentative  of  the  actual  service  environment  and  thus  are  valuable 
demonstrations  of  dynamic  structural  integrity  of  field  equipment. 

The  demonstration  of  equipment  Integrity  by  dynamic  testing  demands  the 

best  example  of  the  equipment  execution.  Quality  Assurance  tests  are 

frequently  aborted  by  such  avoidable  mistakes  as  loose  nuts,  incomplete 

assemblies,  and  loose  debris  left  in  electronic  chassis  which  may  cause  4 
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IABORATCRY  METHODS  FOR  DYNAMIC  ENVIROIWENT  SIMULATION 

Hie  Quality  Assurance  test  provisions  employed  to  qualify  Army  equipment  for  service 
mag_  be  conveniently  classified  into  shock,  vibration,  and  special  categories. 


The  preceding  topic  outlined  the  arbitrary  categorization  of  the  Army 
Quality  assurance  tests  by  test  type;  shock,  vibration,  and  special  tests. 
It  remains  for  the  test  engineer  to  implement  these  excitations  by  test 
machine,  fixturlng,  and  operational  procedures  consistent  with  the  Quality 
Assurance  requirements.  There  are  several  significant  choices  which  must 
be  made,  the  details  of  which  are  developed  in  the  following  paragraphs. 

Shock;  Shock  has  been  defined  in  terms  of  a  sudden  positioned  change, 
significantly  high  accelerations,  relatively  short  pulse  time  durations, 
and  e  non-periodic  excitation  characteristic.  The  shock  pulse  is  created 
in  the  laboratory  by  one  of  two  fundamental  means;  the  specimen  is  allowed 
to  Impact  against  a  prepared  surface  or  body,  or  a  high  impact  Is  generated 
by  allowing  the  test  implement  to  impact  against  the  specimen. 

The  first  shock  category  (l.e.,  specimen  impacting  against  a  stationary 
body)  is  typified  by  the  drop  tests.  Bench  drop,  for  example,  employs  no 
fixturlng  and  is  simply  a  drop  onto  a  prescribed  surface  from  a  given 
height.  Slmllarlly,  shipping  drop  imparts  a  shock  representative  of  that 
encountered  in  shipping  handling  and  accidental  drop.  The  shaped  pulse 
test  is  also  accomplished  by  dropping  the  specimen  from  a  predetermined 
height  (to  accomplish  the  desired  peak  acceleration)  onto  a  prepared  im¬ 
pacting  surface.  The  surface  characteristics  determine  the  shape  of  the 
shock  pulse,  as  plotted  on  an  acceleration- time  scale. 

Ballistic  shock  and  railroad  coupling  (husplng)  impact  are  examples  of  the 
shock  testing  category  where  the  specimen  is  impacted  with  an  energetic 
test  Implement.  Ballistic  shock  for  Army  equipment  is  designed  to  simu¬ 
late  the  shock  resulting  from  a  near  miss  shell  impact,  or  nearby  explo¬ 
sion.  The  Impact  pulse  is  sharp  and  Intense,  that  is,  a  relatively  high 
acceleration  far  a  short  time  duration.  Ballistic  shock  is  simulated 
with  the  Light  Weight,  High  Impact  Hammer,  a  Navy  testing  device  for 
shock  testing  in  accordance  with  MIL-STD-901C.  The  hammer  may  Impact  the 
specimen  and  fixture  in  a  horizontal  direction  (after  swinging  from  a 
predetermined  height),  or  may  drop  vertically  onto  the  specimen. 

Railroad  husplng  Impacts  are  designed  to  simulate  the  shock  experienced 
as  the  rail  cars  are  coupled.  Coupling  may  occur  at  speeds  up  to  20  mpb; 
the  Army  criterion  is  7  mph  which  represents  an  average  experience.  The 
specimen  is  attached  firmly  to  the  bed  of  the  rail  car,  backed  up  by 
another  loaded  car,  and  coupled  at  7  mph  by  a  third  car.  The  resulting 
shock  is  severe  and  complex  and  represents  a  formidable  design  criterion. 
There  is  a  great  deal  of  variability  of  loading  from  the  rail  hump  test 
due  to  variations  of  blocking  and  tiedown  stiffnesses,  as  well  as  differ¬ 
ences  in  the  response  characteristics  of  the  specimen. 

Vibration:  Vibration,  as  it  is  used  to  qualify  Army  equipment,  is  a  sinu¬ 
soidal,  steady  state  experience.  The  vibratory  excitation  is  a  mechanical 
oscillation  about  a  reference  point  of  equilibrium.  The  acceleration- 
time  plot  of  the  excitation  is  Intended  to  be  as  close  to  a  sine  wave  as 
the  physical  restrictions  of  the  test  machine  allow. 
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There  are  three  widely  used  methods  for  generating  the  desired  vibratory 
oscillation;  mechanical,  hydraulic,  and  electromagnetic.  Each  of  these 
types  of  vibration  testing  machines  have  their  own  peculiarities  and  lim¬ 
itations.  The  characteristics  of  the  machines,  their  operational  advan¬ 
tages  and  disadvantages,  flxturlng  requirements,  and  other  detallB  are 
discussed  in  depth  in  a  following  topic.  Ihe  intent  of  the  vibration  in¬ 
vestigations  for  Army  equipment  qualification  is  to  determine  the  main 
resonant  frequencies  of  the  equipment,  and  to  establish  the  extent  of 
amplification  at  these  resonances.  The  dwell  or  sustained  aspect  of  the 
oscillating  environment  is  left  to  the  bounce  and  mobility  tests  for  veri¬ 
fication.  An  exception  is  the  airborne  equipments,  Class  VI,  which  require 
a  resonant  dwell  during  qualification. 

Special:  An  important  group  of  tests  which  are  hybrids  from  the  previous 
shock  and  vibration  categories  are  the  bounce  and  road  mobility  test 
requirements.  These  test  excitations  contain  elements  of  both  shock  and 
vibration  and  cause  a  random  disturbance  in  the  specimen. 

Both  the  cargo  bounce  and  vehicular  bounce  tests  are  performed  on  a  bounce 
test  machine  of  suitable  capacity;  1000  lb  and  5000  lb  capacity  machines 
are  common.  The  bed  of  the  machine  is  oscillated  by  a  motor  driven  eccen¬ 
tric,  which  Imparts  the  bouncing  motion  to  the  test  package.  The  object 
of  this  test  is  to  simulate  the  experience  that  a  loose  package  would  feel 
as  it  is  being  transported  by  ground  vehicle  in  the  field.  Some  differ¬ 
ences  between  the  vehicular  bounce  and  cargo  bounce  tests  are: 

1.  The  specimen  is  mounted  to  a  steel  base  plate  for  the  vehicular 
bounce  test  and  is  loose  for  the  cargo  test. 

2.  The  input  is  controlled  by  machine  speed  for  the  cargo  test  while 
an  input  range  is  specified  for  the  vehicular  bounce  test. 

3.  Bumpers  are  employed  for  the  vehicular  test  while  wooden  fences 
are  used  to  restrict  the  specimen  during  the  cargo  bounce  test. 

One  of  the  most  effective  and  environmentally  realistic  of  the  Quality 
Assurance  provisions  are  the  road  mobility  tests.  In  these  tests,  the 
equipment  is  Installed  in  its  transport  vehicle  which  in  turn  is  driven 
over  the  Munson  and  Perryman  road  mobility  test  courses.  The  Munson 
course  is  a  collection  of  rough  road  experiences  which  represent  most  road 
conditions  to  be  found  in  service.  The  usual  mobility  requirement  is  five 
trips  around  the  Munson  circuit,  which  includes  six-inch  washboard,  belglan 
block,  radial  washboard,  spaced  bump  and  two-inch  washboard  roadways.  The 
vehicle  speeds  used  for  each  road  segment  are  somewhat  dependent  upon  the 
vehicle  capabilities.  The  Perryman  course  is  a  collection  of  cross-country 
terrains  ranging  from  a  moderately  rough  experience  on  a  substantial  road¬ 
bed,  to  a  track  of  extremely  rough  terrain  including  marshy  areas.  Normal 
procedure  calls  for  equipment  to  be  transported  over  the  Perryman  courses 
for  200-300  miles  during  qualification.  Vehicles  designed  for  Amy  ser¬ 
vice,  by  contract,  are  driven  over  the  Perryman  courses  until  failures  are 
precipitated. 

Some  other  tests  which  are  occasionally  used  to  qualify  Army  equipment 
Include  the  vibration  isolation  test  and  the  acceleration  test,  which  are 
demonstrational,  and  do  not  normally  constitute  a  severe  design  loading 
criterion. 
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Stock  test s  in  required  for  all  Army  electronic  equipment  classes.  Shock  excitations 
are  slsulmted  in  tba  laboratory  by  impacting  the  spec  lean  with  an  energetic  object,  or 
allowing  the  specimen  to  impact  against  a  prepared  surface. _ _ 


Stock  testa,  in  support  of  the  Quality  Assurance  test  phase  at  an  Any 
equipment  pragma,  are  required  for  all  classes  of  equipment.  Normally, 
stock  tests  of  one  or  ears  types  are  constrained  to  each  of  the  equipment 
classes,  as  outlined  in  the  test  matrix  presented  in  ft  previous  topic* 

For  example,  Claeses  I  -  V  equipments  generally  are  required  to  pass 
bench  handling  and  shipping  drop  tests;  Class  IV  equipment  requires  s 
ballistic  impact  test;  Classes  II  and  IV  equipments  require  a  railroad 
hunping  demonstration;  and  Class  VI  equipment  Is  constrained  to  survive 
a  shaped  pulse  inspect  simulating  an  aircraft  crash  condition. 

Far  descriptive  convenience,  the  various  shock  tests  eay  be  jtegorlsed 
into  four  groups,  as  follows; 

1.  Drop  tests,  which  include  the  bench  handily  requirements  far 
equipment  elements  taken  apart  far  repair  or  servicing,  and 
shipping  drop  which  simulates  the  impact  an  equipment  system 
might  experience  in  the  field  as  a  result  of  an  Inadvertent  fall 
during  handling. 

2.  Shaped  pulse  tests,  where  the  equipment  (or  component)  is  required 
to  survive  a  specific  pulse  (either  texnl.'al  sawtooth  or  half¬ 
sine  shaped)  of  given  intensity  and  duration. 

5.  Ballistic  shock  taste,  which  are  high  intensity  hamwrr  impact 

tests  conducted  on  s  llgrt  weight,  tunmsr  drop  shock  test  machine, 
intended  to  approximate  the  near-miss  Impact  of  a  shell  or 
explosion. 

k.  Railroad  humping  impact,  which  simulates  the  Impact  generated  by 
coupling  impact  of  rail  cars.  Ibis  test  is  usually  conducted 
with  actual  rolling  rail  equipment,  a.t  is  constrained  to  those 
equipments  normally  shipped  by  rail  without  a  shipping  container, 
such  as  a  hell-hut  module  filled  with  electronic  gear. 

Stock,  am  It  is  umed  in  dynamics,  is  characterized  by  sudden  positional 
changes,  short  duration  energy  impact,  and  relatively  large  displacements 
which  often  Croats  significant  internal  damage  in  electronic  equipment 
gataa.  Stock  is  si  to!  atedl  in  the  laboratory  by  one  of  two  basic  methods, 
regardless  of  the  stock  category;  a  stationary  test  specimen  is  impacted 
by  same  energetic  object,  ar  the  specimen  itself  is  allowed  to  impact  into 
a  stationary  surface  at  a  predetermined  velocity. 

9w  stock  environment  constrained  to  Army  equipment  systems  is  inherently 
complex.  She  time-history  records,  aceelograas,  resulting  from  the  speci¬ 
fied  shock  teste  are  complex  functions  which  necessitate  sons  practical 
data  reduction  method  to  extract  useful  design  parameters,  the  response 
shock  spectra  has  come  to  be  a  useful  analytical  tool  for  the  disseei nation 
of  the  shock  experience,  essentially,  the  method  will  indicate  the  pre¬ 
dominate  frequencies  existing  in  an  equipment  structure  in  response  to  it 
given  shock  impulse.  Hals  l^wlse  function  may  be  a  measured  input  to  n 
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complete  system,  or  may  be  the  response  of  a  specific  element  within  the 
system. 

Roughly  defined,  the  shock  spectra  represents  the  maximum  response  of  a 
series  of  single  degree-of-freedom  systems  to  a  given  shock  experience, 
as  a  function  of  the  fundamental  frequency  of  the  elemental  systems.  Hie 
shock  spectra  plot  is  given  in  terms  of  static  equivalent  acceleration 
vs.  natural  frequency,  and  is  the  recomsended  method  of  analysis  presented 
in  Volvsne  II  of  this  design  guide.  The  shock  spectra  may  also  be  expressed 
in  units  of  displacement  or  velocity;  it  is  often  desirable  to  use  all 
three  forms. 


A  SERIES  OF  ELEMENTAL  SINGLE-DEGREE-OF -FREEDOM  SYSTEMS 


SHOCK  RESPONSE:  The  complex  excitations  imposed  on  Army  equipment  by 
the  shock  tests  may  be  conveniently  defined  by  the  shock  spectra. 
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A  PHYSICAL  DESCRIPTION  OF  THE  RAIL  CAR  COUPLING  TEST 

Hie  rail  humping  test  le  usually  conducted  with  standard  rolling  stock,  equipped  with 
standard  draft  gear. _ _ 


Railroad  "humping"  is  a  test  requirement  pertaining  to  Classes  III,  IV, 
and  VI  equipments;  Classes  III  and  IV  deal  with  equipments  that  are 
shelter  mounted  or  vehicular  mounted,  while  Class  VI  equipments  are 
armored  vehicle  mounted.  Each  of  these  classes  could  potentially  be 
shipped  by  rail.  The  equipment  would  usually  not  be  expected  to  function 
while  in  transit  or  motion,  but  rather  would  be  required  to  operate  as 
intended  upon  reaching  the  destination  after  rail  transport.  The  humping 
procedure  is  a  term  derived  from  the  switching  or  coupling  operation 
associated  with  a  group  of  rail  cars.  The  switching  "hump"  is  a  carry¬ 
over  term  describing  the  raised  portion  of  track  in  a  switching  yard. 

The  cars  to  be  coupled  are  moved  to  the  peak  of  the  hump  and  then  released, 
imparting  a  velocity  sufficient  to  activate  the  coupling  mechanism.  These 
velocities  average  about  5  mph  and  range  to  12  mph  as  an  upper  limit.  The 
Army  humping  requirement  is  designated  at  7  mph  impacting  speed,  a  good 
practical  number  toward  the  upper  end  of  the  operational  average,  (***0 

The  humping  test  is  usually  performed  with  actual  rolling  stock,  although 
recent  developments  include  a  ramp  and  abuttment  setup  to  simulate  the 
spectrum  of  frequencies  and  accelerations  encountered  in  the  actual 
coupling  impact.'5'  The  humping  test  is  conducted  with  two  cars,  each 
with  a  fcross  weight  of  165,000  lbs.,  and  a  flat  car  (or  other  typical 
transport  rail  car)  with  the  test  equipment  mounted  to  its  floor.  The 
mounting  and  stabilizing  techniques  must  be  in  accordance  with  the 
"Standard  Railway  Freight  Mounting  Procedures"  associated  with  cargo  of 
the  type  under  test.  Generally,  the  larger  modules  are  blocked  and 
cabled  in  position,  with  the  blocking  tied  laterally  into  the  flatcar 
stake  pockets  through  6"  x  6"  wood  beams.  The  blocking  thus  provides  a 
certain  amount  of  compliance  which  tends  to  soften  the  impact.  Any 
failure  in  the  blocking  or  cabling  is  considered  an  inadequate  test  and 
must  be  repeated  after  repairing  the  gear. 

The  impact  velocity  i6  specified  at  7lA  mph  measured  in  the  last  50  feet 
before  the  impacting  car  collides  with  the  equipment  car.  The  equipment 
car  must  be  backed  up  by  a  separate  165,000  lb.  car,  similar  to  the 
impacting  car.  Both  stationary  cars  must  have  their  manual  brakes  set, 
and  must  be  coupled  together  such  that  no  play  exists  between  them.  All 
the  rail  cars  must  be  equipped  with  American  Association  of  Railroads 
standard  draft  gear.  Some  special  draft  gear  currently  available  will 
substantially  attenuate  the  humping  shock  and  thus  are  not  representative 
of  standard  gear  likely  to  be  encountered  during  military  rail  operation 
anywhere  in  the  world. 

The  equipment  car  is  impacted  from  each  end  while  the  test  equipment  is 
mounted  both  longitudinally  and  laterally,  for  a  total  of  four  coupling 
impacts.  An  exception  is  made  in  the  case  of  an  equipment  that  cannot 
physically  be  rotated  on  the  railcar  bed;  the  test  is  then  conducted 
twice  on  each  end,  for  a  total  of  four  impacts,  as  before.  Upon  comple¬ 
tion  of  the  four  impacts,  the  equipment  is  constrained  to  meet  the  normal 
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operational  requirements  under  ambient  conditions  without  significant 
performance  degradation.  The  rail  humping  test  is  always  conducted  under 
ambient  environmental  conditions. 

Although  the  humping  test  is  of  the  go/no-go  variety,  instrumentation  is 
usually  desirable  to  enhance  the  backlog  of  empirical  knowledge  on  this 
extreme  test.  Accordingly,  a  straight  level  stretch  of  track  at  least 
l/4  mile  long  is  indicated,  with  an  adjacent  area  or  road  for  an  instru¬ 
mentation  car  or  shelter.  In  addition,  the  prime  mover  must  be  able  to 
switch  ends  of  the  car-test  setup,  necessitating  a  shunt  track  available 
to  the  engine. 


Test  Specimen 


Standard  Draft  Gear 
Tightly  Coupled 
Manual  Brakes  Set 


RAILROAD  HUMPING:  A  severe  shock  test  for  cargo  to  be  shipped  by  rail, 
simulating  the  impact  associated  with  coupling  of  standard  draft  gear 
rail  cars. 
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Section  2  -  Shock  Testing 

DYNAMIC  EXCITATIONS  RESULTING  FROM  THE  HIKPING  IMPACT 


The  shock  pulse  resulting  from  the  railroad  humping  impact  may  vary  substantially. 
The  net  effect  of  the  coupling  impact  is,  in  all  cases,  a  severe  design  constraint. 


The  humping  requirement  is  perhaps  the  most  severe  of  all  the  Army  dynamic 

Duality  assurance  procedures.  The  accelerations  encountered  are  extreme 
to  100  G's  and  higher  at  certain  frequencies)  and  the  pulse  duration  long 
(to  50  milliseconds)  which  together  may  manifest  as  a  critical  damage 
potential  to  sensitive  equipment.  To  further  complicate  the  issue,  there 
is  a  pronounced  variability  in  the  input  pulse  to  the  equipment  under  test. 
Most  of  this  variation  is  due  to  differences  in  rail  cars  and  their  draft 
gear  as  well  as  variations  in  track  alignment,  spacing,  and  lineup  of  the 
oupling  devices.  Other  differences  may  be  traced  to  the  manner  in  which 
the  data  was  acquired  and  transformed  and  a  feedback  effect  on  the  test 
bed  Inputs  resulting  from  impedance  variations  of  the  test  specimen, 
particularity  weight,  natural  frequency,  and  the  amount  of  damping  present. 

The  adjacent  figure  presents  a  time  plot  of  various  shock  pulses  attri¬ 
buted  to  rail  humping  by  several  sources,  including  some  test  data  on 
actual  equipments.  The  most  significant  pulse  far  Army  equipment  require¬ 
ments  was  taken  from  Anqy  transport  criteria. (6)  Other  pulse  Information 
is  presented  from  a  NASA  document  on  transportation  criteria  (3)  and 
tests  conducted  on  a  range  of  equipments .  (*> 9 )  The  Army  criteria  is 
given  for  coupling  impacts  at  10  mph,  and  is  adjusted  artificially  for  the 
7  mph  test  speed  requirement.  A  pulse  is  given  for  two  types  of  cargo; 
"heavy"  cargo  which  presents  a  significant  footprint  on  the  railcar  bed 
and  has  a  C.G.  some  distance  above  the  floor;  "light-dense"  cargo  which 
is  very  stiff  and  mounts  close  to  the  deck.  It  is  significant  to  note 
that  the  equal  criteria  presented  far  both  the  vertical  and  longitudinal 
directions  implies  that  excitations  are  equally  damaging  longitudinally  as 
well  as  vertically,  a  fact  that  is  not  always  apparent  in  this  type  of 
impact. 

The  second  adjacent  figure  presents  the  shock  spectra  taken  from  several 
sources  as  well  as  some  test  validation.  The  spectra  of  those  impacts 
Judged  to  be  most  pertinent  to  the  Army  requirement  lead  to  an  envelope 
(in  the  frequency  domain)  which  represents  a  reasonable  design  criteria 
for  equipment  to  be  subjected  to  the  humping  Impact  at  7  mph. 

The  shock  spectra  are  transforms  of  the  half-sine  pulses  pictured  in  the 
upper  figure  shown  on  the  adjacent  page.  This  approximation  may  be  made 
by  standard  analytical  transforms  such  as  that  presented  in  Reference  13. 
The  response  spectra  are  representative  of  a  single-degree-of-freedom 
model  with  no  damping  subjected  to  a  half  sine  shock  pulse.  Obviously, 
this  acceleration  plot  will  suffice  as  a  first-cut  approximation  only,  and 
should  be  substantiated  by  test  data  obtained  from  a  structurally  similar 
model  of  the  equipment  under  consideration. 
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HUMPING  IMPACT:  There  is  a  great  deal  of  variability  in  the  input 
shock  resulting  from  the  rail  humping  experience. 
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VOLUME  III  -  CHAFT®  6 
Section  2  -  .Shock  Testing 

HUMPING  IMPACT  AND  ITS  EFFECT  ON  DYNAMIC  STRUCTURAL  INTEGRITY  OF  EQUIPMENT  PACKAGES 


The  shock  spectra  resulting  from  the  railroad  humping  impact  excites  most  major 
structural  frequencies.  The  pulse  is  bi-directional  and  extremely  destructive. 


The  accelerations  and  frequencies  presented  in  the  preceding  plot  of  a 
design  spectrum  for  railroad  humping  impact  is  at  least  a  very  imposing 
requirement.  Only  very  nigged  equipment  can  be  expected  to  survive  the 
shock,  a  consideration  which  the  equipment  designer  must  address  early  in 
his  design  conceptlng.  In  fact,  the  accelerations  are  such  that  serious 
consideration  should  be  given  to  a  weight  tradeoff  study  to  determine 
whether  beef -up  and  internal  Isolation  is  as  efficient  as  a  shipping  sup¬ 
port  system,  designed  specifically  to  attenuate  some  of  the  coupling 
Impact. 

The  Impact  pulse  must  be  considered  to  be  bi-directional;  that  is,  the 
load  will  rebound  to  a  negative  value  as  severe  as  the  initial  positive 
peak.  The  designer  must  view  the  forces  as  completely  reversing,  from 
fully  positive  to  fully  negative.  In  addition,  the  forces  resulting  from 
the  energy  pulse  must  be  combined  vectorlally  since  excitations  will  exist 
in  two  orthogonal  planes  simultaneously.  This  occurrence  is  not  always 
fatal,  as  long  as  the  designer  is  aware  of  the  possibility  and  provides 
structure  and  fasteners  in  both  planes,  loaded  concurrently. 

The  first-cut  design  criterial  must  address  the  possibility  that  vertical 
loads  could  equal  loads  in  the  direction  of  impact.  There  is  some  test 
data  to  the  contrary,  however,  and  an  early  dynamic  model  of  the  system 
is  strongly  indicated  to  definltlze  the  actual  humping  accelerations  for 
the  particular  system  under  consideration.  Accelerations  could  easily  be 
reduced  in  order  of  magnitude  from  the  given  peak  criteria.  It  should  be 
noted  that  reconmended  design  criteria  reflects  the  simulation  of  many 
humping  experiences  on  a  variety  of  equipment  geometries,  some  of  which 
may  be  too  conservative  far  the  problem  at  hand. 

Another  hazard  to  the  structure  not  readily  apparent  is  the  possibility  of 
fatigue  damage  and  subsequent  failure  resulting  from  the  humping  impact. 
Ringing  iterations  of  the  initial  pulse  could  number  as  many  as  50  per 
hump;  four  humping  impacts  thus  could  inpart  a  considerable  damage  poten¬ 
tial  at  the  high  end  of  the  fatigue  curve. 

Damping  has  a  considerable  effect  on  the  intensity  of  the  shock  spectrum, 
particularily  at  the  higher  frequencies.  At  frequencies  in  excess  of 
100  cps,  introduction  of  5  percent  damping  could  reduce  the  longitudinal 
acceleration  to  one-fifth  the  original.  Similarly,  the  vertical  accel¬ 
erations  could  be  reduced  by  one-half  with  a  5  percent  damped  system. 

A  lesser  effect  will  be  experienced  under  100  cps.(^) 

Certain  generalities  may  be  drawn  from  testing  experience  with  complex 
structures  subjected  to  the  humping  Impact.  The  impact  pulse  in  the 
vertical  direction  may  transfer  at  virtually  the  same  acceleration  as  the 
input,  while  the  pulse  duration  often  is  increased,  exciting  the  lower 
range  of  natural  frequencies  to  a  higher  value.  The  longitudinal  pulse 
however,  is  often  reduced  to  some  60  percent  of  the  input  value.  The 
pulse  duration  is  usually  increased,  as  before.  This  response  is  probably 
due  to  the  difference  in  stiffness,  and  thus  compliance,  of  the  structure 
in  shear  as  compared  to  tension  and  compression. 
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RECOMMENDED  DESIGN  SHOCK  SPECTRA 
FOR  RAILROAD  HUMPING* 

(Vertical  and  Longitudiani  Directions'' 
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COUPLING  SHOCK:  The  Army  rail  humping  requirements  may  he  conservatively 
enveloped  by  two  shock  spectra;  heavy  cargo  ~nd  dense/light  cargo  equip¬ 
ment  configurations. 

•These  shock  spectra  were  transformed  from  the  half-sine  pulse  given  in 
Reference  6,  and  adjusted  for  7  mph  impact  speed.  The  transform  method 
employed^*'  assumes  a  sirutle-deeree- of -freedom  model  with  no  damping. 


assumes  a  single -degree -of -freedom  model  with  no  damping. 
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CHARACTERISTICS  OF  THE  SHAPE)  PULSE  SHOCK  TESTS 


The  shaped  pulse  shock  test  Is  required  for  Class  VI  equipments.  This  test  category 
is  also  useful  as  a  component  procurement  standard,  and  as  a  simplified  method  far 
simulating  a  complex  shock  acceleration  history. _ 


The  shaped  pulse  shock  test  is  an  impact  test  where  the  plot  of  the 
acceleration-time  accelogram  Is  contralned  to  a  given  shape,  within  oper¬ 
ational  tolerances.  The  most  common  pulse  shape  of  interest  to  designers 
of  Army  equipment  are  the  terminal  sawtooth  and  half -sine  pulse.  The 
designated  pulse  is  a  plot  of  acceleration  vs.  time  and  is  defined  by 
pulse  height  (peak  acceleration)  and  pulse  width  (pulse  duration),  in 
addition  to  the  pulse  shape. 

Bach  of  the  pulse  shapes  may  be  transformed  readily  into  shock  spectra, 
a  fact  which  is  useful  in  comparing  the  simple  pulse  with  complex  accel¬ 
eration  histories. U3)  This  approximation  is  often  employed  as  a  pro¬ 
curement  test  requirement  for  electronic  components.  The  assumption  is 
that  the  simplified  pulse  (which  may  be  readily  simulated  in  the  lab)  will 
demonstrate  a  minimum  level  of  structural  adequacy  far  the  component, 
such  that  when  the  element  is  assembled  into  the  equipment  system,  there 
will  be  a  reasonable  change  of  survival.  The  design  choice  Involves  the 
careful  selection  of  peak  acceleration  and  pulse  duration  to  effectively 
reproduce  the  shock  energy  within  the  system  complex. 

The  shaped  pulse  test  is  also  employed  as  a  Quality  Assurance  test  pro¬ 
vision  for  Class  VI  (airborne)  equipments.  This  test  Is  required  to 
demonstrate  the  structural  Integrity  of  the  equipment  mounting  facility, 
when  the  system  Is  subjected  to  a  crash  situation.  The  equipment  may 
experience  same  distortion  and  permanent  set,  but  must  not  come  adrift, 
to  satisfy  the  crash  safety  requirements.  A  similar  test  such  as  high 
intensity  impact  may  be  employed  with  different  pulse  parameters  and 
acceptance  criteria,  as  noted  In  the  equipment  procurement  specification. 
Both  test  categories  may  be  conducted  on  Identical  test  machines.  The 
basic  source  of  information  tar  these  tests  is  available  in  MIL-STD-810. 

The  shaped  pulse  test  owes  its  pulse  characteristic  to  the  deformation 
qualities  of  the  Impacted  material.  Changes  in  impact  block  material  and 
geometry  are  made  by  the  test  engineer  to  tailor  the  shock  to  the  desired 
shape.  Thus  early  setup  impacts  are  usually  accomplished  with  dummy 
weighted  platforms,  while  monitoring  the  shock  input  for  waveform.  The 
tests  are  then  usually  conducted  in  each  of  the  orthogonal  directions, 
repeated  as  required. 

This  category  of  test  is  usually  conducted  on  a  drop  or  ram  type  machine, 
with  a  programmable  impact  surface.  Some  important  impact  test  machines 
available  to  the  test  engineer  are: 

1.  The  sand -drop  system  -  a  scheme  which  relies  on  the  variable 
stiffness  of  the  base  platform  to  tailor  the  shock  pulse.  The 
specimen  and  platform  complex  is  dropped  from  a  variable  height 
onto  a  sand  surface.  The  resulting  pulse  may  range  to  60  g  peak 
and  up  to  30  Msec  duration.  The  machine  produces  a  ragged  Fulse 
somewhat  difficult  to  duplicate,  with  an  approximate  half*  sine 
shape. 
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2.  The  controlled  pulse  drop  system  -  an  Improved  version  of  the 
sand  drop  machine,  featuring  more  rigid  structure  to  minimize 
spurious  excitations  within  the  machine.  The  Impact  surface  Is 
also  variable,  and  Is  capable  of  reproducing  accurate,  repeatable 
pulses  with  a  minimum  of  hash  and  distortion.  The  pulse  par¬ 
ameters  range  to  severed,  hundred  g's  and  50  Msec  for  average  test 
specimens. 

3.  Ram  impact  machines  -  which  rely  on  a  pneumatic  or  hydraulic 
system  with  a  high  specific  Impulse  to  impact  a  ram  against  the 
specimen  base.  The  pulse  shape  is  usually  controlled  by  metering 
the  pressurized  fluid.  Machines  of  this  type  are  capable  of 
producing  shocks  up  to  several  hundred  g's  on  small,  relatively 
rigid,  test  specimens. 


Other  shock  test  machines,  such  as  air  guns  and  high  energy  sllngB,  are 
not  usually  employed  on  Army  equipments.  They  do  find  application  on 
small,  stiff,  components  when  a  procurement  standard  is  required. 


SHAPED  SHOCK  RJLSES:  The  various  shock  pulse  shapes  Imposed  on  equipment 
and  components  may  be  easily  converted  into  shock  spectra  plots. 
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THE  LIGHT-WEIGHT,  HIGH  IMPACT  HAMGB  TEST  FOR  BALLISTIC  SHOCK 


The  ballistic  shock  test  required  for  equipment  Classes  IV  and  V  Is  conducted  on  the 
lldit  weight,  hi  ah  impact  bagger  drop  machine  patterned  after  MIL-S-9Q1C  procedures. 


Ballistic  shock  tests  are  normally  required  for  Classes  IV  and  V  equipments, 
an  equipment  category  which  Includes  items  installed  In  tracked  vehicles. 

The  equipment  nay  or  may  not  be  required  to  operate  during  Impact,  as 
specified  in  the  detail  procurement  documents.  The  impact  characterist  cs 
of  the  ballistic  tests  are  designed  to  simulate  the  shock  effects  of  an 
explosion  created  by  a  near -miss  shell  Impact,  or  the  firing  of  the 
▼ehlcleb  own  weapon  systems. 

The  machine  normally  used  for  this  demonstration  is  the  High  Impact  Shock 
Testing  Machine,  designed  originally  for  Navy  equipment  under  specification 
MIL-S-9Q1C.  The  machine  has  two  hammers  weighing  about  4 00  lbs.,  which 
are  capable  of  impacting  the  test  specimen  and  platform  from  the  three 
orthagonal  directions.  The  energy  of  impact  is  obtained  by  raising  the 
hammers  to  a  specified  height,  and  allowing  it  to  Impact  against  a 
special  plate.  Obe  haimer  swings  through  a  vertical  arc  to  accomplish 
two  Impact  directions,  while  the  other  haisier  is  dropped  onto  an  anvil 
for  the  vertical  impact  direction.  Generally,  the  shock  spectra  repeat¬ 
ability  of  the  swinging  >«»—»*■»•  is  superior  to  that  of  the  dropped  hammer. 

The  specimen  is  secured  to  a  standard  plate  which  receives  the  impact  of 
the  haoaner.  The  test  complex  is  snubbed  with  springs  and  retaining  bolts 
to  restrict  the  excursion  of  the  specimen  after  impact.  The  resulting 

rebound  condition  creates  a  unique  ringing  response  which  results  in  high  %  - 

transient  acceleration  levels.  In  addition,  the  resonant  characteristics 

of  the  mounting  plate  and  test  specimen  also  have  a  feedback  effect  on 

the  input  shock.  The  net  effect  Is  considerable  variability  In  input 

excitation,  from  specimen  to  specimen,  and  test  to  test. 

The  light  weight  machine  Is  limited  to  specimens  under  250  lbs,  and  has 
a  mounting  surface  approximately  24  in.  square.  Each  of  the  ^00  lb 
hampers  may  be  raised  to  a  maximum  height  of  five  ft  above  the  impact 
position,  to  deliver  a  maximum  energy  of  2000  ft -lbs  at  contact.  The 
test  sequence  normally  requires  blows  from  three  Increasing  heights, 
along  all  three  axes.  No  tightening  or  adjustment  of  the  test  specimen 
is  allowed  during  the  test,  which  highlights  the  necessity  for  good 
asseinbly  practice  on  the  test  article.  Finger  tight  bolts  usually 
loosen  during  this  test. 


At 
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BALLISTIC  SHOCK:  Highly  energetic  shoe*  pulses  required  for  equipment 
Classes  IV  and  V  are  generated  by  a  hammer  drop  test  machine,  the  High 
Impact  Shock  Testing  Machine  for  Light  Weight  Equipment,  patterned 
after  MIL-S-901C  shock  test  procedure. 
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EXCITATIONS  AND  DESIGN  IMPLICATIONS  OF  THE  BALLISTIC  IMPACT  TEST 


The  ballistic  shock  test  imparts  severe  accelerations  to  equipment  constrained  to 
survive  the  test.  The  available  data  on  shock  response  from  this  test  experience 
should  be  used  with  caution  because  of  the  variability  that  exists  between  different 
structural  configurations. _ 


Hie  ballistic  impact  test  creates  a  formidable  design  criterion  far  equip¬ 
ments  constained  to  survive  or  operate  within  this  shock  environment. 
Typical  shock  spectra  data  indicates  that  the  static  equivalent  accelera¬ 
tion  which  may  be  experienced  during  a  back  blow  to  the  mounting  plate 
will  be  several  hundred  g's  for  natural  frequencies  around  10  Hz.  and 
will  exceed  1000  g's  far  natural  frequencies  above  100  Hz.  Since 
support  structure  for  electronic  equipment  often  exhibits  fundamental 
frequencies  in  this  10-100  Hz  range,  the  design  implications  of  several 
hundred  g's  lirnt  are  extreme. 

The  ballistic  a.  'k  test  is  normally  mounted  to  a  plate  fixture  and  Im¬ 
pacted  in  all  th.  principal  directions.  Both  the  vertical  drop  and 

swinging  hanmrr  ai  employed  tc  accomplish  a  back  impact,  an  edge  impact, 

and  an  end  Impact.  \e  geometry  of  the  plate  and  its  support  creates  a 
differing  stiffness  tuatlon,  which  results  in  significantly  different 
shock  spectra  for  th.  \ck  vs.  end  (or  edge)  experiences.  There  is 
characteristically  a  at  100  Hz  for  the  back  blows  for  most  speci¬ 
mens,  while  the  edge  h.  lerally  peaks  at  natural  frequencies  in  the 
range  of  350  Hz.  In  ge.  the  worst  case  accelerations  result  from 

the  five  foot  hamner  heig.  act,  and  is  considered  to  be  a  con¬ 

servative  design  criterion. 

Another  variable  in  the  excitation  resulting  from  the  ballistic  impact  is 
that  of  weight/masa  distribution,  natural  frequency,  and  damping  char¬ 
acteristics  of  the  test  specimen.  Since  the  impedance  characteristics  of 
the  specimen  are  the  same  order  of  magnitude  as  the  test  plate,  then 
feedback  effects  from  the  specimen  become  Important .  Hie  differences  in 
shock  input  between  rigid  specimens  of  different  weights  are  apparent  in 
the  adjacent  figure.  In  either  case  however,  natural  frequencies  in  the 
100  Hz  range  should  be  avoided. 

It  is  apparent  from  the  diversity  of  shock  data  in  the  literature  on  the 
ballistic  impact  test  that  much  variability  in  the  input  shock  spectra 
ex  sts.  For  this  reason,  the  designer  should  exercise  great  care  in 
establishing  the  loads  criteria  that  he  will  use  for  basic  design.  The 
best  approach  for  evaluating  the  dynamic  structural  necessities  of  an 
equipment  to  be  subjected  to  the  ballistic  Impact  test  may  be  summarized 
as  follows: 

1.  Use  the  input  loading  criteria  presented  in  this  design  guide 
and  in  the  literature  with  caution.  The  acceleration  levels 
should  be  considered  as  a  point  of  departure  for  basic  design. 

2.  Construct  a  structurally  accurate  model  of  the  equipment  element 
as  early  as  possible  in  the  equipment  development  program. 
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3.  Conduct  well  instrumented  developmental  tests  on  the  model, 
monitoring  the  response  characteristics  at  critical  locations 
within  the  equipment  and  at  the  mounting  interface. 


4.  Evaluate  the  damage  potential  of  the  impact  on  the  particular 
structural  geometry  under  consideration. 


BALLISTIC  SHOCK:  A  typical  acceleration  tir.e  history  and  shock  spectra  of  une 
ballistic  impact  indicates  the  severity  of  this  hammer-drop  test. 
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DETAILS  OF  HIE  BENCH  HANDLING  DROP  TEST 


The  bench  drop  test  is  a  shock  experience  which  is  representative  of  the  rough  handling 
that  a  chassis  might  receive  during  maintenance  and  repair. _ 


Hie  bench  handling  drop  tests  are  conducted  to  prove  the  structural  ade¬ 
quacy  of  an  equipment  component  to  survive  accidental  ii pacts  encountered 
during  routine  servicing.  Accordingly,  the  test  specimen  is  a  chassis  or 
subassembly  with  front  panel  or  other  accoutrements  removed,  in  the  con¬ 
figuration  for  normal  bench  servicing. 

Hie  drop  16  performed  on  a  solid  wooden  bench,  at  least  1-5/8  in.  thick. 
The  specimen  is  placed  on  the  bench  in  the  manner  simulating  its  normal 
servicing  placement.  Each  of  the  horizontal  edges  that  may  conceivably 
be  used  for  elevating  during  servicing,  are  required  for  pivot  edges 
during  the  test.  Hie  chassis  is  then  lifted  about  that  edge  until  its 
base  forms  a  45°  angle,  the  lifted  edge  is  four  in.  off  the  bench,  or  the 
lifted  edge  is  Just  below  the  point  of  balance  on  the  elements  whichever 
geometry  occurs  first. 

The  chassis  is  then  allowed  to  drop  freely  upon  the  horizontal  bench 
surface.  Hie  test  is  repeated  for  the  other  potential  edges,  for  a  total 
of  four  drops.  Hie  test  may  be  repeated  for  other  horizontal  faces  of 
the  element,  if  the  face  represents  a  potential  servicing  configuration. 
Acceptance  criterion  is  usually  normal  operation  after  the  bench  drop 
experience  without  functional  degradation.  Certain  inspection  procedures 
are  also  normally  described  in  the  procurement  specification. 

No  structural  help  is  allowed  for  the  element  during  test.  The  unit  must 
be  represented  in  its  exact  servicing  configuration.  Instrumentation  is 
not  usually  employed  during  this  test,  since  the  test  is  of  the  go/ no-go 
variety. 

Hie  shock  excitations  resulting  from  the  experience  are  usually  not  too 
severe.  Fai'ures  of  the  chassis  are  unusual  as  a  result  of  the  bench 
drop.  It  Is  possible  however,  to  develop  accelerations  up  to  50  g’s 
under  certain  conditions  which  could  represent  a  significant  design  con¬ 
straint.  The  element  is  usually  excited  at  its  natural  frequency  from 
the  shock.  The  input  energies  are  also  established  in  both  the  +  and  - 
directions,  as  a  result  of  rebound.  Accelerations  in  both  the  horizontal 
and  vertical  directions  are  not  uncommon.  Hie  sharpness  of  the  resulting 
shock  response  spectra  is  dependent  upon  the  natural  frequency  and 
damping  characteristics  of  the  specimen. 

Hie  bench  drop  test  is  quite  representative  of  the  rough  handling  envir¬ 
onment  which  may  be  encountered  in  the  field,  and  as  such  is  a  practical 
demonstration  of  integrity.  Local  isolation  and  strengthening  of  compo¬ 
nents  that  are  loosened  during  the  drop  may  usually  be  handled  without 
great  design  difficulty. 


ASSUMPTIONS 

1.  Two  inch  center  of  gravity  drop,  no  rotation. 

2.  One  Degree-of -Freedom  System 

3.  All  potential  energy  transformed  kinetic  energy,  manifest  as 
stored  energy  in  spring. 

4.  Rigid  floor,  no  pJastic  deformation  of  specimen. 


BENCH  DROP  IMPACT:  This  demonstraticnal  test  develops  accelerations 
which  reflect  the  natural  frequency  and  damping  characteristics  of  the 
test  specimen. 


•l 
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SHOCK  LOADS  RESULTING  FROM  THE  TRANSIT  DROP  TESTS  ^ 

The  transit  or  shipping  drop  test  series,  are  designed  to  approximate  the  impacts 
resulting  from  inadvertant  drop  of  the  equipment  package  during  load  and  unload 
operations  in  the  field. _ 


All  classes  of  ground  systems  equipments  are  normally  required  to  pass  a 
series  of  transit  drop  tests,  to  complete  their  Qualification  Test  spec¬ 
trum.  An  exception  are  the  Class  VI  equipments  which  are  not  normally 
shipped  by  ground  vehicle,  and  hence  not  constrained  to  the  test. 

Transit  drop,  or  shipping  drop  as  it  la  som< .•times  known,  is  an  arbitrary 
impact  test  of  the  equipment  package,  complete  with  its  transport  case, 
as  prepared  for  field  use.  Hie  intent  of  the  test  series  is  to  duplicate 
the  shock  loads  which  might  be  induced  into  the  equipment  through  inad¬ 
vertent  drop  of  the  package  while  loading  or  unloading.  For  this  reason, 
the  equipment  package  is  dropped  onto  a  floor  or  barrier  of  wood  backed  by 
concrete,  or  concrete  alone  for  the  large  equipments  over  1000  lbs  gross 
weight. 

Hie  drop  test  series  is  performed  on  face,  edge,  and  corner,  as  outlined 
in  the  test  category  table  below.  Hie  independent  variable  of  drop  height 
is  determined  by  the  equipment  package  weight  and  largest  dimension  of  the 
package.  Hie  exact  details  of  the  individual  drop  setup  including  the 
number  of  drop  iterations  required  are  usually  noted  in  the  equipment 
procurement  specification. 

The  excitations  resulting  from  this  impact  experience  will  of  course  be 
dependent  upon  the  potential  energy  developed  during  the  test,  as  given 
by  the  drop  height.  The  same  limitations  occur  with  the  shipping  drop  aB 
have  been  noted  for  the  bench  drop  Impacts.  Hie  exact  characteristics  of 
the  resulting  shock  spectra  input  is  dependent  upon  the  impedance  feed¬ 
back  of  the  specimen  itself.  Hie  curves  presented  in  the  accompanying 
figure  are  Idealizations  representing  the  maximum  accelerations  that 
could  occur  if  all  of  the  limiting  conditions  were  met.  Some  of  the 
important  assumptions  leading  to  this  plot  are: 

1.  Hie  impact  floor  is  assumed  to  be  rigid  and  completely  elastic. 

2.  No  permanent  deformation  or  damping  occurs  in  the  specimen. 

3.  Hie  specimen  acts  as  a  one-degree-of -freedom  spring. 

4.  No  rotation  occurs  in  the  specimen  during  drop  and  impact. 

5.  All  the  stored  potential  energy  is  converted  to  kinetic  energy 
at  impact. 

As  may  be  noted,  the  extreme  accelerations  may  be  critical  to  the  equip¬ 
ment  system  if  some  protection  is  not  designed  into  the  equipment 
package  or  shipping  container.  Hie  presence  of  damping  or  some  permanent 
deformation  characteristics  in  the  package  will  tend  to  decrease  the 
severity  of  the  impact. 
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TRANSIT  DROP  TEST  PARAMETERS 


Weight  of  Equipment 
Including  Case 

largest  Dimension 
(In.) 

Height  of 
Drop  (in. ) 

No.  of  Drops 

Under  100  lb 

Under  36 

48 

Drop  on  each 

Man-packed  and 

face,  edge, 

Man-portable 

36  and  over 

30 

and  corner 

total  of 

26  drops. 

100  to  200  lb 

Under  36 

30 

inclusive 

36  and  over 

24 

Drop  on  each 

Over  200  to 

Under  36 

24 

Total  of 

1000  lb 

8  drops. 

inclusive 

36  to  60 

36 

Over  60 

24 

Over  1000  lb 

No  limit 

18 

4  edgewise  1 

drops.  2 

corner  drops. 

SHIPPING  DROP  SHOCK  SPECTRA 


G  ~ 
se 

K  f 

n 

Height 

K 

48" 

V 

36" 

2.72 

30" 

2.48 

18" 

1.92 

Natural  Frequency  (Hz 


SHIPPING  DROP:  Preliminary  design  loads  criteria  may  be  taken  from  an 
idealized  spectra  of  accelerations  for  a  family  of  drop  heights. 
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80MB  VIBUZZOi  TPTUC  TKHBZQUB  AMD  PROCDURES 


Fliturliig  la  l^ortant  to  the  Investigation  and  validation  of  a  teat  equipmsnt,  aince 
tba  driving  excitations  nuat  tranaalt  through  this  structure.  The  determination  of 
rasonaot  frequency  la  the  fundamental  purpoae  of  noat  vibration  surveys.  These  two 
taat  funetlona  have  a  heavy  Influence  on  tba  aucceaa  of  a  vibration  teat,  _ 


Two  lapartazrt  aapecta  of  vibration  teatlng  of  lstereat  to  the  structural 
engineer  are  the  flxturlng  requirements  to  accomplish  the  teat  and  the 
determination  of  xajor  resonance*  within  the  equipment  during  the  teat. 

The  flxturlng  haa  a  heavy  Influence  oo  the  reeponae  iharacteristics  of 
the  equlpaent,  since  the  fixture  transmits  the  lmpoeed  energy  Into  the 
equipment  from  the  teat  machine.  The  determination  and  evaluation  of 
resonances  within  the  teat  equipment  la  also  fundamental  to  the  evaluation 
of  liie  dynamic  adequacy  of  the  equipment,  whether  the  teat  la  developmental 
or  required  by  Quality  Assurance  provision. 

The  task  of  fixture  design  is  most  heavily  influenced  by  the  structural 
parameter  of  stiffness.  Since  the  test  machines  usually  have  some  eoirt 
of  physical  limitation,  it  is  usually  desirable  for  the  fixture  to  trans- 
alt  the  energy  to  the  specimen  as  efficiently  as  possible.  Far 

this  reason.  It  Is  usual  practice  to  design  the  fixture  as  stiff  as 
practical,  which  In  turn  Implies  a  high  resonant  frequency.  A  good  rule 

of  thuab  is . design  the  fixture  far  a  natural  frequency  at  least 

twice  the  highest  anticipated  test  frequency  range.  This  Is  practical  if 
the  upper  Halt  of  test  frequency  does  not  exceed  55  Hz. 

Some  structural  design  tips  to  Improve  fixture  stiffness  are: 

1.  Use  the  stlffest  material*  available.  (ifcrterial  stiffness  is 
measured  by  the  elastic  modulus. }  Steel  Is  rtout  TVee  time*  as 
stiff  as  alimd.man,  although  It  Is  ale  ^  three  times  «»  heavy. 

2.  Stress  is  usually  not  a  limiting  consideration  in  flxtire  design. 
Sti:  less  (hence  resistance  to  deflection)  is  more  important, 
and  the  design  should  reflect  this  need. 

3.  Use  structural  meeibers  in  direct  load  configuration.  Members 
designed  into  tension  and  compression  (such  as  a  truss)  are 
usually  stiff er  and  lighter  than  an  equivalent  bending  member. 
Avoid  bending  members  where  possible,  partlcularily  the  canti¬ 
lever  beam. 

4.  Uae  fasteners  and  weldments  in  shear  wherever  possible,  tince 
they  are  stlffer  and  more  reliable  when  stressed  in  this  manner. 

An  alternative  to  stiffness  in  the  fixture  is  the  near  approxi¬ 

mation  of  the  stiffness  of  the  actual  mounting  structure  when  the  equip¬ 
ment  is  in  service.  In  either  case,  it  Is  wise  to  place  the  control 
transducer  at  the  Interface  of  fixture  and  specimen,  and  adjust  the 

activity  to  achieve  the  desired  test  input  at  that  point.  The 
machine  Input  to  the  fixture-specimen  complex  may  then  be  programed  to 
adjust  far  any  response  variations  loosed  by  the  fixture.  This  approach 
Is  partlcularily  Important  when  the  fixture  resonant  frequency  falls 
within  the  test  frequency  epectrua.  Seme  degree  of  damping  may  also  be 
employed  to  reduce  the  resonant  response  of  the  fixture. 
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The  determination  of  resonance  in  the  equipment  during  vibration  survey 
la  accomplished  by  a  variety  of  methods  in  the  Laboratory.  Most  of  these 
methods,  however,  take  advantage  of  the  hvaan  senses  of  the  cast  engineer; 
sight,  sound,  and  feel.  The  main  problem  in  identifying  a  structural 
resonance  is  that  of  observation.  This  Is  a  severe  limitation  of  a  trans¬ 
ducer  which  measures  response,  since  the  measuring  element  must  be  placed 
close  to  the  physical  point  of  resonance.  In  cs^es  where  the  marina  mi 
response  can  be  estimated,  accelerometers  and  direct  reading  "Vee-Scopes" 
may  be  used.  Resonance  appears  then,  when  the  ratio  of  output  to  input 
is  maximal. 

Resonance  may  be  found  in  certain  cases  by  noting  a  functional  anaaoly, 
such  as  a  relay  chatter,  which  may  indicate  an  extreme  excitation  of  the 
support  structure.  The  sound  of  a  chatter  is  occasionally  evident  at 
resonance  when  elements  hang  together  from  extreme  displacement.  Other 
high  excursions  may  sometimes  be  located  by  touch;  that  is,  lightly 
touching  the  structure  with  the  fingertips,  and  noting  the  frequency 
where  the  maximum  excitation  occurs. 

The  most  effective  method  far  resonant  survey  is  probably  the  technique  of 
stroboscopic  investigation.  When  the  strobe  light  is  adjusted  1-2  Hz 
"out  of  sync"  with  the  vibrating  frequency,  the  visual  image  of  the  struct¬ 
ural  element  may  be  made  to  slowly  oscillate  back  and  forth.  At  resonance, 
this  activity  la  maximum. 


e  Use  a  high  elastic  modulus  material 

e  Keep  Stress  low  (high  bulk) 

e  Use  tension  and  compression  members 

e  Avoid  bending  members,  particularity  cantilever 

e  Use  fasteners  and  welds  In  shear 

e  Use  ample  gusseting  to  minimize  Joint  rotation 


FIXTURE  STIFFNESS:  Stiff  fixtures  for  vibration  testing  are  generally 
desirable.  The  chart  above  lists  seme  techniques  for  increasing  thic 
parameter. 
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RANDOM  VIBRATION  TESTING  PROCEDURES 


The  techniques  of  randan  vibration  testing  are  becoming  increasingly  important  to  the 
qualification  of  Army  equipment,  as  the  service  environment  becomes  less  periodic  and 
unpredictable  with  time, _ 


Historically,  vibration  testing  has  been  accaspllshed  with  a  steady-state, 
sinusoidal  excitation.  The  random  aspects  of  the  ground  environment  were 
left  to  the  phencminclogical  tests,  such  as  vehicular  and  loose  cargo 
bounce,  and  iae  road  mobility  experiences.  As  the  Amy  equipment  require¬ 
ments  became  more  versatile,  equipment  transport  accomplished  more  and 
more  by  air,  and  the  equipment  application  more  uni  versed  (such  as  air¬ 
borne  equipment),  the  need  far  more  random  vibration  qualification  became 
more  urgent. 

Excitations  in  the  service  environment  that  exhibit  displacements  which 
vary  In  an  unpredictable  manner  with  time,  are  said  to  be  random.  Often, 
the  vibrational  disturbance  Is  a  super-position  of  many  steady  state 
excitations,  which  result  In  a  complex  variation  with  time,  but  Is 
stationary  or  repetitive  in  interval.  This  stationary  vibration  may  be 
found  in  the  helicopter  environments.  It  is  complex,  but  not  truly 
random.  The  duplication  of  both  types  of  complex  vibration  in  the  labor¬ 
atory  is  accomplished  in  the  same  manner. 


The  application  of  random  vibration  testing  became  more  prevalent  follow¬ 
ing  War  II,  with  the  advent  of  high  amplification  drive  systems  for  the 
shaker  machines.  Thus,  by  properly  inserting  a  signal  into  the  drive 
servo  control  loop  of  the  vibration  test  system,  virtually  any  vibrational 
profile  may  be  duplicated.  Thus,  the  shaker  systems  that  are  controlled 
by  high  gain  amplification  echemes  are  useful  in  random  vibration  testing. 
These  systems  are  known  as  programmable,  and  are  typified  by  the  electro¬ 
dynamic  and  electro-hydraulic  vibration  test  systems. 


The  rani  an.  vibration  test  is  aceamp.1  i  ubed  by  amplification  of  a  random 
sigml,  created  either  by  a  noise  generator,  or  reproduced  from  an  actual 
environmental  experience.  The  results  at  the  shaker  table  may  then  be 
compared  with  the  input  characteristic  to  form  a  closed  loop  servo 
system.  This  concept  is  illustrated  in  the  block  diagram  below. 


Alternative 
Signal  Sources 


Vibration 

Machine 


Random 

i 

_ i 

. 

Spectrum 
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'9 

Amplifier 

FUNCTIONAL  DIAGRAM  OF  A  RANDOM  VIBRATION  EXCITATION  SYSTEM 
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Acceleration 


RANDOM  VIBRATION:  Typical  time  histories  of  complete  vibration  excita 
tions  show  the  nonperiodic  nature  of  this  environment. 
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DETAILS  OF  THE  MECHANICAL  VIBRATION  TEST  MACHINES 


The  mechanical  vibration  machine  is  veil  suited  for  testing  large,  bulky  specimens. 
An  important  limitation  of  the  mechanical  exciter  system  however,  is  the  constant 
amplitude  sweep  capabilities. _ 


Vibration  tests  and  investigations  are  normally  accomplished  by  firmly 
fixing  the  test  specimen  to  the  bed  of  a  vibration  exciter.  The  test 
machine  is  usually  required  to  maintain  the  excitation  to  within  ± 
and  is  usually  large  with  respect  to  the  test  specimen.  Some  investiga¬ 
tional  work  is  done  with  small  exciters  which  "tickle"  the  equipment 
structure  sufficient  to  excite  the  major  frequencies,  while  structural 
response  is  noted.  The  vibration  Quality  Assurance  Tests  however,  are 
universally  performed  on  machines  that  have  a  large  specific  impulse  and 
are  able  to  drive  the  test  specimen  through  the  necessary  displacements. 

Vibration  test  machines  in  current  use  fall  generally  within  one  of  three 
categories;  mechanical,  electro-mechanical,  and  hydraulic.  Each  of  these 
machine  types  have  unique  features,  advantages,  and  limitations  which  sure 
important  to  the  test  engineer  when  implementing  the  vibration  test. 

Mechanically  actuated  vibration  machines  rely  upon  j  rroe  direct  mechanical 
linkage  to  excite  the  machine  table.  Included  in  this  category  are  the 
mechanical  reaction  type,  which  are  cam  or  eccentric  driven  and  react 
against  the  earth  or  a  seismic  mass.  These  machines  are  known  as  the 
"brute  force"  variety,  since  the  exciting  energy  is  supplied  directly  to 
the  test  machine  without  assistance  from  a  suspension  system  or  diaphram. 
These  machines  are  constant  displacement  devices  and  are  capable  of 
sweeping  through  only  the  low  frequency  range. 

A  more  prevalent  group  of  mechanical  vibration  machines  are  those  that 
are  mechanically  actuated,  but  suspended  on  a  low  natural  frequency  sys¬ 
tem  such  as  a  soft  spring  or  torsion  bar.  The  nominal  displacement  of 
the  machine  is  preset,  and  remains  constant  through  a  frequency  sweep. 
Since  the  vibrating  system  is  a  two  degree -of -freedom  model  (the  machine 
bed  plus  the  test  specimen),  feedback  effects  become  important .  Ihus, 
the  input  accelerations  exerted  upon  the  specimen  will  vary  as  the  speci¬ 
men  is  swept  through  its  natural  frequency.  This  effect  is  small  for 
specimens  that  are  small  relative  to  the  machine  mass.  Larger  specimens 
however,  occasionally  require  an  adjustment  in  the  driving  eccentrics  to 
maintain  test  tolerances. 

Hie  mechanical  type  vibration  machines  are  available  in  a  wide  range  of 
capacities  which  adds  to  their  versatility.  In  general,  these  machines 
are  used  to  test  equipments  larger  than  the  capabilities  of  the  electro¬ 
mechanical  types.  They  are  particularily  well  suited  to  large,  bulky 
specimens,  large  displacements,  and  frequencies  up  to  60  Hz. 

Rocking  of  the  test  assembly  occasionally  becomes  a  problem  when  the 
C.G.  of  the  test  specimen  is  high,  and  the  specimen  mass  significant  with 
respect  to  the  total  machine.  Counterbalancing  is  indicated  under  these 
conditions  when  performing  a  horizontal  test  sequence.  The  use  of  flex¬ 
ures  which  restrict  the  vertical  motion  while  permitting  a  horizontal 
excursion,  is  also  indicated  in  extreme  cases  to  react  the  overturning 
moment  of  the  test  complex.  Again,  the  intent  is  to  input  a  relatively 
pure  horizontal  excitation,  without  rocking. 
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Ihe  isechanieally  actuated  vibration  machines  are  capable  of  a  constant 
amplitude  sweep  through  the  lover  frequency  ranges.  If  a  constant  accel¬ 
eration  sweep  is  needed,  or  higher  frequency  investigations  required, 
then  an  electro-mechanical  or  hydraulic  shaker  system  i6  indicated. 


MECHANICAL  SHAKER:  The  mechanical  vibration  test  machine  is  well  suited 
for  testing  large,  bulky,  specimens  through  the  low  frequency  range. 
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DETAILS  OF  THE  ELECTRGDYNAMIC  VIHttTION  TEST  SYSTEMS 


Electrodynamic  shaker  systems  are  versatile,  programable  devices  capable  of  providing 
excitation  to  about  2000  Hz.  External  support  of  the  specimen  weight  la  usually 
required,  particularly  for  heavy,  bulky  equipments, _ 


The  electrodynamic  shaker  systems  are  capable  of  providing  vibratory 
excitations  from  5  Hz  to  2000  Hz  approximately,  with  force  capability 
ranging  to  30,000  lbs.  The  systems  are  versatile,  programable,  and  cap¬ 
able  of  performing  many  vibration  testing  Jobs  within  certain  limitations. 

The  electrodynamic  systems  operate  on  a  principle  similar  to  the  familiar 
audio  speakers.  The  vibratory  excursion  is  created  by  a  controlled  coil 
which  excites  an  armature,  which  in  turn  is  mechanically  linked  to  the 
test  specimen.  The  armature  is  supported  on  a  low  frequency  spring  sys¬ 
tem  called  flexures,  which  allows  the  armature  to  excurse  within  the 
physical  limits  of  the  springs.  In  general,  as  the  specimen  weight 
approaches  that  of  the  armature,  the  mechanical  system  must  be  supported 
by  external  means.  This  is  the  fundamental  limitation  of  these  shaker 
systems;  they  are  primarily  excitation  devices,  and  are  not  capable  of 
supporting  heavy  specimens  as  are  the  mechanical  and  hydraulic  systems. 
This  external  support  may  take  the  farm  of  springs,  bungee  cord,  pneumatic 
devices,  or  other  low  natural  frequency  systems,  depending  upon  the  ingen¬ 
uity  of  the  test  engineer. 

Most  electrodynamic  systems  have  self-contained  shaker  heads  which  have 
the  capability  of  being  rotated  in  a  trunnion  through  90’,  to  provide 
horizontal  as  well  as  vertical  excitations.  The  mounting  face  of  these 
machines  provide  bolt  patterns  for  specimen  attachment,  and  range  in 
size  to  about  three  feet  in  disinter.  The  shaker  head  and  specimen  support 
portion  of  the  system  are  conmonly  used  with  a  bank  of  electrical  gear 
which  provides  power  amplification,  excitation  control,  and  positional 
feedback  for  the  system. 
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The  shaker  heads  may  be  ganged  together  and  synchronized  to  provide  exci- 
tational  energy  for  large  specimens.  These  schemes  have  the  usual  prob¬ 
lems  of  synchronizing  multiple  units,  but  in  general  prove  successful 
provided  external  support  of  the  specimen  weight  1b  considered.  This 
type  of  multiple  system  competes  directly  with  the  mechanical  and  hydrau¬ 
lic  shaker  systems,  with  the  additional  capability  of  high  frequency 
(to  2000  Hz.)  range. 

The  electrodynamic  system  has  a  velocity  cutoff  in  the  range  100  in. /sec, 
which  limits  the  acceleration  capability  at  high  frequency.  Nevertheless, 
this  type  of  machine  is  the  only  effective  method  of  vibrating  specimens 
above  200  Hz,  the  practical  limit  of  the  mechanical-hydraulic  systems. 

The  usual  Army  requirements  of  10-55  Hz  vibrational  surveys  for  Class  I 
through  V  equipments  may  be  met  with  all  three  types  of  shaker  systems. 

The  higher  test  frequencies  required  for  airborne  equipments,  Class  VI, 
are  limited  to  the  electrodynamic  systems  for  test  execution. 


The  degree  of  control  Inherent  in  the  electrodynamic  systems  is  often 
helpful  to  the  test  engineer.  Both  frequency  and  amplitude  may  be  con¬ 
trolled  within  the  machine  limitations.  Amplitude  may  be  varied  while 
the  machine  is  in  motion;  thus,  an  intermediate  resonant  frequency  may  be 
explored  without  the  necessity  of  exciting  the  lower  frequencies  by  *  * 
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driving  to  the  desired  frequency  at  zero  amplitude.  The  required  accel¬ 
eration  range  may  then  be  achieved  by  slowly  raising  the  excursion  ampli¬ 
tude,  while  the  machine  is  vibrating  at  the  desired  frequency. 

Virtually  any  waveform  may  be  programmed  into  these  systems,  a  direct 
result  of  the  versatility  of  the  control  electronics.  Due  to  the  direc¬ 
tional  rigidity  of  the  armature  guides,  the  electrodynamic  systems  have 
the  least  amount  of  cross-axis  excitation  of  the  shaker  systems. 


ELECTRODYNAMIC  SHAKERS:  These  vibration  test  systems  are 
easily  programmed,  and  a  *e  versatile  machines  for  high  fre¬ 
quency  Investigations. 
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DETAILS  OF  THE  HYDRAULIC  VIHUTION  TEST  SYSTEMS 


The  modern  hydraulic  shaker  system  is  a  velocity  limited,  high  force  capability 
excitation  system  which  is  ideally  suited  far  testing  large,  heavy,  bulky 
specimens  through  the  low  and  intgnnedVytc  frequency  range. 


As  the  Quality  Assurance  Provisions  are  constrained  to  increasingly  large 
electronic  systems,  the  need  arises  for  high  dynamic  force  capability 
vibration  test  machines.  Die  hydraulic  excitation  systems  have  been 
developed  to  fill  this  need,  and  are  Ideally  suited  for  vibration  investi¬ 
gations  of  large,  heavy,  or  bulky  equipment  systems. 

The  hydraulic  shaker  system  combines  the  features  of  the  electro-dynamic 
machines  with  the  high  specific  impulse  capabilities  of  a  hydraulic  sys¬ 
tem.  The  electro-magnetic  element  Is  used  to  excite  a  hydraulic  servo 
valve,  which  In  turn  activates  a  hydraulic  cylinder.  The  usual  features 
of  frequency  and  amplitude  control  (of  the  electro-magnetic  system)  sure 
Inherent  capabilities  of  this  combined  electro-hydraulic  system. 

The  hydraulic  shaker  systems  are  programable  for  frequency  and  amplitude, 
much  the  same  as  the  electro-magnetic  systems.  The  output  of  the  hydraulic 
system  Is  monitored  by  a  displacement  transducer  to  provide  positional 
information  and  close  the  servo-control  loop.  The  hydraulic  servo  valve, 
which  controls  the  flow  of  hydraulic  energy  to  the  actuating  cylinder, 
acts  as  an  amplifier  of  the  signal  generated  by  the  electro-dynamic 
exciter.  The  excitation  is  thus  generated,  amplified,  used  to  drive  the 
specimen,  and  fed -back  to  provide  closed-loop  control. 

The  chief  advantage  of  the  hydraulic  shaker  system,  as  previously  noted, 

Is  the  high  dynamic  force  capability  In  the  low  and  intermediate  fre¬ 
quency  ranges.  The  hydraulic  systems  are  capable  of  providing  relatively 
large  farce-pounds  of  excitation  from  virtually  d.c.  (around  one  hz)  to 
250  Hz,  and  In  some  instances  up  to  500  Hz. 

The  hydraulic  systems  are  velocity  limited,  which  Implies  a  cutoff  of 
force  capability  at  high  frequencies,  but  also  permits  very  large  excur¬ 
sions  at  the  lower  end  of  the  frequency  spectrum.  Thus,  It  is  possible 
to  conduct  constant  acceleration  tests  at  the  low  frequency  end  without 
the  displacement  cutoff  associated  with  other  vibration  systems. 

The  hydraulic  shakers  are  quite  useful  as  a  programable  testing  tool. 

This  advantage  results  from  the  inherently  responsive  characteristics  of 
the  hydraulic  system.  The  input  waveform  to  the  specimen  however,  is 
subject  to  some  feedback  effects  from  the  specimen,  and  thus  is  generally 
somewhat  distorted  from  the  traditional  sine  wave. 

The  principal  operational  limitations  of  this  type  of  excitation  system 
stem  from  the  hydraulic  system  itself,  and  reflect  the  usual  problems  of 
hydraulic  mechanisms.  There  are  more  moving  parts  associated  with  these 
shakers,  and  generally  closer  tolerances  are  required.  A  high  capacity 
hydraulic  supply  module  is  required  with  a  high  degree  of  filtering  for 
system  cleanliness. 

Once  the  operational  difficulties  are  mastered,  the  hyuraullc  vibration 
system  is  a  valuable  addition  to  the  dynamic  test  laboratory. 
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HYDRAULIC  EXCITATION  SYSTEMS:  The  electro-hydraulic  shaker  machines 
offer  a  high  force,  low  to  intermediate  frequency  range, vibration  test 
machine  with  great  versatility. 
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9m  NuiMon  Baed  Tests  ere  e  eerlee  of  epedfle  roed  couree  experience# 
designed  to  qualify  certain  cleeeee  of  electronic  equipment  for  road 
nobility.  Althontfk  the  Munson  Couree  doee  not  exactly  elaulete  all  poe- 
elble  nobility  enrlro— ente  that  an  Any  equlpnsnt  night  experience  any¬ 
where  In  9m  world,  the  couree  doee  however  repreeent  each  of  the  various 
road  experlencee  of  Any  equlpnent.  9ms,  a  finite  renter  of  tripe 
around  the  couree  will  expoee  the  equlpnent  to  excitation#  representative 
of  ground  travel  by  transport  vehicle.  9m  frequency  of  the  rood  teet 
disturbance  le  encountered  aore  often  than  the  actual  service  experience, 
thue  prorldlng  an  acoelerated  life  teet  of  the  equlpnent.  9m  couree  le 
deelgned  to  excite  the  frequencies  susceptible  to  this  node  of  vehicular 
transport  in  the  equlpnent  structure  under  qualification. 

Iqulpannte  that  will  be  transported  by  grand  vehicles,  both 

tracked  and  wheeled,  ere  usually  constrained  to  qualify  on  the  Muneon 
Course.  Specifically,  equlpnent  classes  HI  and  7  are  nornally  required 
to  survive  the  road  course  coaplex  with  the  equlpnent  operating,  while 
equlpnent  Classes  n  and  17  are  only  transported  by  ground  vehicle  and 
thus  are  constrained  only  to  survive  the  experience. 

9m  road  nobility  tests,  or  Munson  tests,  are  unique  anong  the  Ar^r  qual¬ 
ity  assurance  provisions,  In  that  the  equlpnent  Is  secured  upon  the  actual 
transport  vehicle  with  which  the  equlpnent  class  will  be  nohUleed.  9tus 
the  contributing  factors  of  tire  preeeure,  spring  characteristics,  and 
chassle  c alliance  are  accurately  repreeantad  during  the  teet  In  e  Banner 
Identical  to  the  actual  operational  enrlrmwnnt. 

9m  Munson  course  is  a  collection  of  road  conditions  of  varying  length 
and  severity,  arranged  in  e  cloeed  loop.  9m  usual  Aruy  teet  require- 
nents  Include  traverse  of  the  slx-lnch  washboard,  Belgian  hloek,  radial 
washboard,  spaced  bap,  and  two- inch  washboard,  for  a  total  of  five 
circuits.  A  anooth  track  to  accciodete  an  lnetrunentatlon  vehicle  Is 
usually  nalntalned  adjacent  to  the  test  course.  9m  nost  widely  used 
road  course  facility  Is  the  Munson  course  at  the  Any  Autenotlve  Bagln- 
eertng  Laboratories,  Aberdeen  Proving  Qrounde,  Maryland.*11)  Becently 
however,  other  qualified  courses  have  been  constructed  to  neat  the 
Increased  eaphaals  on  road  nobility  and  9m  associated  Shook  and  vibration 
enrlroTMcnt.  An  siMyls  on  the  Vest  Coast  Is  the  MUneon  Course  at 
Hushes  -Fullerton,  California.'12' 

Croes -country  sleulatlon  by  ground  transport  le  ececepllahed  on  the 
Perrywan  Teet  Area,  or  Its  equivalent.  9m  Penywen  couree  Is  e  collec¬ 
tion  of  cross-country  terrains,  which  Include  a  noderate  course  with 
loops  and  curves  on  e  substantial  roadbed;  e  moderately  Irregular  terrain; 
a  rough  course  of  native  soil;  and  an  avtr— ly  rough  course  Including 
narshy  terrain.  9m  usual  Army  requirements  for  cross-country  qualifica¬ 
tion  of  electronic  equlpnent  are  200-300  miles  of  transport  over  the 
Perrywan  terrain.  Any  vehicles,  conversely,  are  driven  over  the  course 
until  failures  occur,  to  uncover  any  vse  brasses  In  the  transport  vehicles. 
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There  are  no  set  fixturing  requirements  for  the  Munson  Road  Tests,  other 
than  the  hold-down  provisions  needed  to  transport  the  test  equipment  upon 
its  transport  vehicle.  The  test  acceptance  criterion  for  this  requirement 
is  the  ability  of  the  equipment  to  meet  its  operational  constraints  after 
completion  of  the  test  with  no  evidence  of  physical  damage  in  the  case  of 
Equipment  Classes  II  and  IV.  Class  III  and  V  equipments  are  required 
to  operate  during  the  test  experience  without  functional  degradation 
or  physical  damage. 


c 


THE  MUNSON  COURSE:  This  test  course  is  a  collection  of  road  conditions  representing 
the  conditions  which  might  be  experienced  during  road  and  cross-country  mobilization. 


(_ 
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VOLUME  III  -  CHAPTER  6 

Section  4  -  Testing  for  Complex  Environments 


DYNAMIC  EXCITATIONS  RESULTING  FROM  THE  ROAD  MOBILITY  TESTS 

The  input  load  characteristic  of  the  Road  Mobility  Tests  varies  greatly  between 
wheeled  and  track-laying  vehicles.  Accordingly,  the  design  approach  employed 
must  reflect  this  varying  condition. 


The  Munson  Road  Test  provides  a  dwell  or  time  exposure  for  the  test  equip¬ 
ments  under  varying  loads  '.hat  simulates  the  service  environment  very 
closely.  Other  Quality  Assurance  Provisions,  such  as  the  vibration  search 
tests,  do  not  completely  cover  the  fatigue  damage  potential  present  in  the 
real  service  environment.  Thus,  one  furction  of  the  Road  Mobility  Test 
and  the  bounce  tests,  is  the  simulation  of  a  sustained  excitation  to  the 
test  equipment  of  a  random  nature.  Accordingly,  these  excitations  are 
highly  variable  and  thus  difficult  to  represent  for  input  loads  design 
criteria. 

Useful  Information  on  the  characteri  sties  of  the  road  test  excitations 
may  be  abstracted  from  reference  (ll),  and  is  sumarized  at  the  right 
of  this  section.  The  bpectral  envelopes  differ  greatly  between  wheeled 
and  track-laying. vehicles;  thus  it  is  necessary  to  determine  in  advance 
which  type  of  vehicle  will  be  used  to  qualify  the  particular  test  equip¬ 
ment.  The  spectral  plot  for  wheeled  vehicles  reveals  a  high  PSD  input 
for  the  low  frequency  end  of  the  environment.  This  response  results  from 
the  individual  disturbances  of  the  course  in  the  frequency  range  below 
30  Hz.  The  M-35  vehicle  generally  exhibits  the  worst  excitation,  and 
should  be  used  for  design  load  criterion  in  lieu  of  a  specific  vehicle 
designation. 

The  track-laying  vehicles  reported  also  exhibit  a  similar  phenomenological 
response  in  the  frequency  range  below  about  30  Hz.  A  generally  higher 
input  is  evident  for  frequencies  above  50  Hz  for  tracked  vehicles,  a 
response  which  is  speed-related,  resulting  from  track-roller-wheel  dis¬ 
turbances  created  during  transport  over  smooth  terrain.  Thus  the  most 
serious  excitations  resulting  from  transport  by  track-laying  vehicles 
will  occur  at  high  frequencies.  If  the  teBt  vehicle  may  be  either 
wheeled  or  track-laying,  then  characteristics  of  the  differing  spectra 
must  be  considered  in  structural  design  due  to  the  frequency  anomaly. 

When  designing  for  the  road  test  criteria,  the  effect  of  potential 
fatigue  damage  must  be  evaluated.  In  the  case  of  transport  by  wheeled 
vehicle,  an  estimate  may  be  made  on  the  number  of  iterations  of  load 
resulting  from  the  experiences  below  30  Hz,  based  upon  an  assumed  expo¬ 
sure  time  over  the  course.  Thus,  the  number  of  stress  iterations  was 
estimated  between  12,000  and  42,  CO^  cycles,  a  first  cut  fatigue  life 
figure  based  upon  1500  seconds  of  excitation.  For  the  frequencies  above 
30  Hz,  the  input  loads  should  be  considered  to  be  iterated  an  infinite 
□umber  of  times,  and  the  material  endurance  limit  used  as  a  basis  for 
design. 

Transport  by  track-laying  vehicle  exhibits  excitations  peaking  through 
the  higher  frequency  range.  The  loads  should  be  considered  to  be  iter¬ 
ated  indefinitely  since  the  disturbance  emanates  from  smooth  road  travel; 
again,  the  material  endurance  limit  should  be  used  for  the  design  allow¬ 
able  load.  The  excitations  below  30  Hz  are  probably  not  critical  in  this 
case,  since  higher  loads  are  developed  by  wheeled  vehicles. 
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Since  most  of  the  dynamic  activity  resulting  from  transport  by  wheeled 
vehicle  exists  below  30  Hz,  it  is  imperative  that  natural  frequencies 
of  equipment  structure  be  designed  to  be  above  this  level.  In  addition, 
rotational  accelerations  will  exist  in  this  test  environment.  Pitching 
accelerations  may  be  expected  up  to  15  rad/sec  and  rolling  accelerations 
of  30  rad/sec  are  common.  These  rotational  disturbances  will  be  present 
up  to  30  Hz,  similar  to  the  vertical  linear  acceleration.  'Hie  applica¬ 
tion  of  damping  is  indicated  for  resonant  structure  below  30  Hz  to  limit 
the  amount  of  resonant  rise  during  test. 


MUNSON  COURSE  LOADINGS:  Spectral  envelope  of  input  excitations  for 
wheeled  and  track- laying  vehicles  over  all  Munson  courses  at  various 
speeds.  (H) 
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Section  4  -  Testing  for  Complex  Environments 


RANDOM  EXCITATIONS  RESULTING  FROM  THE  BOUNCE  TESTS 


The  loose  cargo  and  vehicular  bounce  test  requirements  are  intended  to  simulate  the 
random  vibrational  experiences  of  transport  by  ground  vehicle  over  rough  terrain. 


The  Army  requirements  for  dwell  or  sustained  excitation  which  might  be 
experienced  during  transport  are  covered  by  a  random  exposure  on  a  pack¬ 
age  bounce  test  machine.  Where  the  vibrational  requirements  are  inter¬ 
ested  in  surveying  resonances  in  equipment  structure  by  sinusoidal 
excitation,  the  bounce  tests  subject  the  package  to  a  sustained  random 
excitation  quite  similar  to  the  excitations  experienced  on  the  cargo  area 
of  a  transport  vehicle  traveling  over  rough  terrain. 

A  bounce  test  is  normally  required  for  each  of  the  equipment  classes, 
with  the  exception  of  Class  VI,  airborne.  In  addition,  the  bounce  tests 
are  divided  into  two  categories;  bounce  tests  for  cargo  normally  trans¬ 
ported  loose  in  the  cargo  area  of  the  transport  vehicle,  and  vehicular 
bounce  for  equipments  normally  shipped  on  a  base  or  platform  which  tends 
to  keep  the  equipment  upright  on  its  base.  Both  categories  of  bounce 
tests  are  conducted  on  a  special  machine  which  duplicates  the  gyrating 
environment  of  a  ground  vehicle  traveling  over  rough  terrain.  The  machine 
most  often  employed  for  these  tests  is  the  L.A.B.  bounce  tester,  available 
in  1000  and  5000  lb  capacity  sizes. 

The  vehicular  bounce  test  has  the  equipment  specimen  mounted  to  a  base 
plate  which  restricts  its  activity  during  excitation.  The  specimen  thus 
tends  to  stay  upright  with  the  random  excitations  delivered  through  the 
base.  Chassis  and  equipment  sub-assemblies  are  typical  of  equipments 
shipped  in  this  manner.  The  machine  table  is  driven  by  eccentrics  which 
impart  a  bouncing  motion  to  the  specimen.  The  speed  of  the  drive  motor  is 
adjusted  to  create  input  peak  random  accelerations  which  average  7.5  g's. 
The  maximum  anticipated  peak  accelerations  may  reach  10  g's.  The 
specimen-plate  complex  is  turned  in  a  horizontal  plane  to  expose  all  four 
base  directions.  The  bounce  is  required  to  continue  for  a  total  experi¬ 
ence  of  three  hours,  and  the  equipment  is  required  to  function  without 
degradation  upon  completion. 

The  loose  cargo  bounce  tests  are  conducted  on  the  same  machines  without 
the  base  plate  restriction.  Tn  addition,  the  specimen  Is  turned  onto  all 
six  box  surfaces,  and  exposed  for  a  total  of  three  hours.  The  machine 
speed  is  adjusted  to  284  rptn. 

Both  types  of  bounce  experiences  impart  a  random  excitation  to  the  speci¬ 
men.  The  input  to  the  base  of  the  specimen  is  also  dependent  upon  the 
response  characteristics  of  the  equipment  structure.  For  these  reasons, 
there  is  a  great  deal  of  excitation  variability  between  tests,  specimens, 
and  test  machines.  The  plot  (right)  shows  envelopes  of  random  spectral 
densities  for  some  typical  bounce  test  experiences.  A  conservative 
approximation  for  first-cut  design  loads  appears  to  be  0.30  g^ /Hz  power 
spectral  density  constant  throughout  the  Investigated  frequency  range. 
Further,  these  experiences  should  be  considered  indefinite  in  duration; 
the  material  endurance  limit  should  be  used  for  design  allowable  strength 
levels.  The  severity  of  the  horizontal  and  vertical  components  of  the 
excitation  appear  to  be  equal  in  intensity. 
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BOUNCE  TESTS:  A  gyrating  platform  is  used  to  simulate  the  random 
vibrational  experiences  of  equipment  transported  by  ground  vehicle. 
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GLOSSARY 


Accelogram  -  A  pictorial  plot  showing  acceleration  levels  versus  time 
which  a  test  specimen  experiences  as  a  result  of  an  input  excitation. 

Amplitude  -  The  maximum  value  of  a  sinusoidal  quantity. 

Cycle  -  The  complete  sequence  of  values  of  a  periodic  quantity  that 
occur  during  a  period. 

Damping  -  The  dissipation  of  energy  with  time  or  distance. 

Degrees-of -Freedom  -  The  number  of  degrees -of -freedom  of  a  mechanical 
system  is  equal  to  the  minimum  number  of  independent  coordinates  required 
to  define  completely  the  positions  of  all  parts  of  the  system  at  any 
instant  of  time. 

Dissemination  -  Damping  caused  by  spreading  out  and  redistribution  energy 
throughout  a  system. 

Fatigue  -  Tendency  of  materials  to  fracture  under  many  repitiotions  of  a 
stress  considerably  less  than  the  ultimate  static  strength. 

Frequency  -  Hie  number  of  times  that  a  periodic  function  repeats  the 
same  sequence  of  values  during  a  unit  variation  of  time.  Hie  unit  is  the 
cycle-per-second  which  equals  one  Hertz  (Hz). 

Impedance  -  Hie  ratio  of  a  force-like  quantity  to  a  veloclty-like 
quantity  when  the  arguments  (distance,  etc.)  of  the  quantities  increase 
linearly  with  time. 

Impulse  -  The  product  of  a  force  and  the  time  during  which  the  force  is 
applied. 

Natural  Frequency  -  The  frequency  of  free  vibration  of  the  system.  For  a 
multiple  degree-of -freedom  system,  the  nautral  frequencies  are  the  fre¬ 
quencies  of  the  normal  modes  of  vibration. 

Fhenomenologl cal  -  Relating  to  the  formal  structure  of  phenomena  in 
abstraction  from  interpretation  or  evaluation. 

Response  -  Hie  motion  (or  other  output)  of  a  system  or  device  resulting 
from  an  excitation. 

Resonance  -  Resonance  of  a  system  in  forced  vibration  exists  when  any 
change,  however  small,  in  the  frequency  of  excitation  causes  a  decrease 
in  the  response  of  the  system. 

Snubber  -  A  device  used  to  increase  the  stiffness  of  an  elastic  system 
(usually  by  a  large  factor)  whenever  the  displacement  becomes  larger  than 
a  specified  value. 

Stiffness  -  Hie  ratio  of  change  of  force  (or  torque)  to  the  corresponding 
change  in  translational  (or  rotational)  deflection  of  an  elastic  element. 

Stress  -  Internal  force  exerted  by  either  of  two  adjacent  parts  of  a  body 
upon  the  other  across  an  Imagined  plane  of  separation. 

Transmissibility  -  Nondime nsional  ratio  of  the  response  amplitude  of  a 
system  in  steady-state  forced  vibration  to  the  excitation  amplitude.  Hie 
ratio  maybe  one  of  forces,  displacements,  velocities,  or  accelerations. 
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CHAPTER  7 
INSTRUMENTATION 


ABSTRACT: 

Proper  execution  of  present  data  acquisition  methods  will  afford  technical 
insight  into  the  problem  of  structural  dynamic  integrity.  The  instrumen¬ 
tation  and  data  reduction  techniques  presented  in  this  chapter  will  yield 
information  that  is  vital  to  the  design  engineer  for  the  initiation  and 
validation  of  electronic  equipment  elements. 

The  first  section  of  this  chapter  introduces  the  tie-in  of  instrumentation 
with  structural  design.  Sections  2  and  3  present  the  various  methods  of 
data  acquisition  and  practical  applications  of  many  types  of  shock  and 
vibration  measuring  equipment  and  techniques.  The  topics  in  these  sections 
will  acquaint  the  reader  with  the  technical  information  necessary  in  the 
selection  of  a  particular  equipment  for  a  particular  job. 
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c  tthueMnt  at  Structural  Design  Through  Test 
Instn— ntatlon  Discipline 

0 


Tbm  lnatr— tatlon  engln— r  and  the  — chanioal  dee lgnar  Aculd  determine 
at  ao  early  stage,  tha  data  requlr— ants  of  tba  equip— nt  design,  and  out- 
11—  It  In  great  detail,  Much  too  often,  excessive  data  la  acquired  vhlch 
la  of  —  real  benefit  to  the  equip— nt  designer.  It  le  prl— rlly  the 
— fo— lblllty  of  the  lnetru— ntatloc  engineer  to  r— ear  eh  out  the 
preetloal  data  needs.  Wth  regard  to  this,  It  Is  si«ge*tod  that  the 
equip— nt  deelgner  —rely  define  hie  requires ants  and  allow  sufficient 
freed—  for  the  instn— (station  engineer  to  determine  how  the  task  of 
acquiring  the  neeeeeary  data  Is  to  be  aoc— pllehed.  Such  an  arreng— ant 
will  Insure  the  acquisition  of  only  the  neenlngful  data. 


9m  techniques  of  data  reduction  that  are  to  be  applied  aunt  be  thought 
out  well  In  advance  of  any  testing.  Since  the  prl— ry  purpoee  for  proto¬ 
type  teetlng  la  the  ae— ureaent  of  product  parforaance,  the  pt^fonanee 
eubeequent  to  the  teat  nuat  be  aaaeured  In  tar—  that  are  vallt  ,  For 
lnetanoe,  vlbretloo  and  ehock  can  be  a— eared  In  ter—  of  acceleration 
displace— nt  or  velocity,  that  to  aeasure,  where  to  aaasiare,  how  to 
a— ware,  and  where  the  tram ducers  ere  to  be  placed  and  the  type  to  be 
weed,  should  all  be  decided  long  before  testing  begins,  B»  identifica¬ 
tion  and  evaluation  of  possible  secondary  effects  le  also  an  l— ortant 
aspect  of  lnatr— ent  selection. 

When  ell  of  the  aforementioned  principles  are  a— joyed,  the  acquisition  of 
the  dya— le  test  data  will  aid  significantly  In  the  daolgi  of  equip— nt 
that  will  eventually  have  e  high  probability  of  —  at  tug  the  test,  ea  well 
ae  the  tactical,  environ— ntal  require— ate. 


VCLUME  III 


INSTRUMENTATION  AND  STRUCTURAL  DESIGN 

•  Acquisition  Of  Meaningful  Data 

•  Data  Format  Which  Is  Useful  To  The  Mechanical 
Engineer 

•  Data  Accumulation  and  Reduction  Techniques  That 
Fit  The  Problem 

•  Proper  Placement  Of  Transducers 

•  Effective  Pre-Test  Planning 

•  Data  To  Initiate  Changes  and  Improvement 


INSTRUMENTATION  TECHNIQUES:  The  effective  use  of  dynamic  instrumentation 
and  data  reduction  procedures  vill  provide  greater  insight  into  the  troblems 
of  dynamic  integrity. 
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SBCnOM  2  -  DT1AMIC  TEST  DATA  ACQUISITIC* 


•  Organization  of  Teat  Data  Collection 

e  Current  Graphic  Data  Be  carding  Methods  and  Presentation 
Parnate 

e  Inproving  the  Usefulness  of  Dgmanlc  Response  Data  by 
Means  of  Magnetic  Tape 

a  Refining  the  Pretest  Planning  and  Kqulpsent  Selection 
Process 

a  Direct  Reading  Vibration  and  Shock  Msesuranent 
Instrumentation 

a  Current  Trend*  in  Data  Recorders 

a  Optlnlnlzlng  Transducer  Characteristic*  for  Dynanlc 
Meaaurenents 

a  Transducer  Calibration  Methods 
a  Transducer  Mounting  Methods  and  Techniques 
a  Inproving  the  Signal  Conditioning  Sjnrt^a 
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Dynamic  Test  Dots  Acquisition 


CT  TEST  DATA  COLLBCTIGH 


Definition  of  the  date  fi 
ultimate  usefulness  of 


t  prior  to  any  test  Is  of  paramount  importance,  since 
the  data  Is  greatly  dependent  upon  this  definition. 


Definition  of  the  test  objectives  Is  the  first  step  toward  a  methodical 
test  data  collection  process.  The  objectives  should  be  stated  In  clear 
and  concise  tens;  the  technician  must  be  made  aware  by  the  responsible 
test  engineer  of  the  nature  of  the  test.  Is  It  to  be  a  develops^ntal  or  a 
qualification  test?  The  test  objectives  will  necessarily  be  different  far 
the  two  cases  and  will  therefore  affect  the  data  collection  methods. 

Once  the  nature  of  the  test  has  been  established,  the  method  at  lata  col¬ 
lection  aay  be  determined.  It  Is  advisable  to  prepare  a  checklist  out¬ 
lining  the  objectives  and  critical  measurements .  A  "Test  Proceedings 
Journal’'  is  recommended  to  fill  this  need  (illustrated  on  the  opposite 
psge)  which  lends  Itself  to  the  efficient  recording  rt  these  data  by  the 
technician. 

lhe  general  format  at  this  Teat  Proceedings  Journal  will  be  quite  similar 
for  both  the  developmental  and  the  qualification  tents,  however  greater 
emphasis  on  the  docwentatlon  of  test  data  must  be  placed  in  the  case  of 
the  latter.  For  both  cases,  a  chronological  record  at  the  test  must  be 
maintained.  It  is  essential  that  the  acquired  test  data  will  enable  an 
engineer  at  a  later  date  to  write  a  detailed  test  report  without  having  to 
rely  on  any  written  or  verbal  information  beyond  that  contained  in  the 
Test  Proceedings  Journal. 

Possible  failures  of  the  test  specimen  must  be  recorded  in  an  objective 
i. Aimer;  the  emphasis  here  must  be  placed  on  acquisition  of  test  data  only, 
not  on  analysis  on  the  spot.  Deta  must  be  provided  to  the  engineer  far  a 
detailed  evaluation  of  the  problem. 

Test  facilities  and  associated  instrumentation  must  be  described  in  suf¬ 
ficient  detail  to  determine  its  accuracy  status.  In  particular,  any 
equipment  which  is  subject  to  periodic  calibration  must  be  supported  with 
backup  documentation  relating  its  traceability  to  the  national  Bureau  of 
Standards. 
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CHFCK  LIST  (TO  DEFINE  TEST  OBJECTIVES ) 

•  Design  Data 

•  Qualification  Data 

•  Outline  Important  Parameters 

•  Acceleration,  Velocity,  or  Displacement  Outputs? 

•  Static  or  Dynamic? 

•  Reproducible  Format  Desired? 

TEST  PROCEEDINGS  JOURNAL  (TO  RECORD  DATA  CHRONOLOGICALLY) 

•  Photo-Media  References 

•  Record  Transducer  Locations 

•  Record  Transducer  Sensitivity  Axes 

•  Phasing  Orientation 

CALIBRATION  CERTIFICATE  (TO  SUPPORT  EQUIPMENT  ACCURACY) 

•  Description  of  Calibration  Methods 

•  Clear  Substantiation  of  NBS  Traceability 


ELEMENTS  OF  THE  DATA  COLLECTION  TASK:  Careful  attention  to  the  details 
of  the  task,  a  rigorous  chronology  of  the  test  events,  and  clear 
documentation  of  the  equipment  calibration  will  result  in  greater 
usefulness  of  test  data. 
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CURRENT  GRAPHIC  DATA  RECORDING  METHODS  AND  PRESENTATION  FOFMATS 


Graphic  data  recording  methods  and  the  presentation  formats  currently  obtainable 
provide  a  very  useful  adjunct  to  the  data  collection  process  in  shock  and  vibration 

tests. _ 


The  basic  structural  response  variables  with  which  the  test  engineer  is  con¬ 
fronted  during  the  course  of  shock  and  vibration  tests  core  acceleration, 
displacement, and  velocity.  In  the  majority  of  test  cases,  displacement 
and  velocity  data  can  be  derived  from  the  acceleration  data  by  various 
data  processing  methods.  Thus,  only  the  recording  and  presentation  of 
acceleration  data  will  be  discussed  in  detail  at  this  point. 

Die  graphical  presentation  of  acceleration  as  a  function  of  real  time 
(accelogram)  is  a  basic  prerequisite  for  meaningful  analysis  of  the  test 
specimen's  response  to  the  Imposed  environment.  To  accomplish  this,  two 
basic  equipment  categories  are  available;  l.e.  various  chart  recorders 
and  the  cathode-ray  oscilloscope/camera  combination.  It  must  be  stated 
at  this  point  that  either  method  will  provide  a  useful  accelogram. 

Neither  method,  however,  provides  data  which  could  be  used  as  a  possible 
signed  source  to  recreate  the  test  environment  at  a  future  time.  Data 
acquisition  methods  which  do  provide  this  capability  are  called  "live 
data",  and  these  will  be  discussed  in  detail  later. 

Perhaps  the  most  cannon  chart  recorder  in  use  today  1b  the  direct-writing, 
light  sensitive,  oscillographic  recorder.  This  type  of  recorder  utilizes 
a  light-sensitive  photographic  paper  as  the  recording  media.  The  heart  of 
this  recorder  is  a  D'Arsonval  galvanometer.  The  galvanometer  consists  of 
an  armature  coil  suspended  within  a  permanent  magnet  structure.  Attached 
to  this  coll  is  a  tiny  mirror.  The  armature  and  mirror  are  free  to  rotate 
within  a  defined  arc.  A  high-intensity  light  beam  is  focused  onto  the 
mirror  and  the  reflection  in  turn  is  focused  through  a  complex  mirror  and 
optical  prism  system  onto  the  light  sensitive  emulsion  of  the  photographic 
recording  paper. 

The  signal  voltages  derived  from  the  accelerometer  (after  proper  level 
conditioning)  are  used  to  deflect  the  galvanometer  armature/mirror 
assembly  and  in  turn  record  the  history  of  acceleration  vs  time.  Current 
recorders  of  this  type  yield  a  readable  record  within  5-15  seconds  after 
recording.  This  type  of  record  will  however  be  subject  to  gradual 
"fading"  if  exposed  to  direct  light  for  extended  periods.  Chemical 
processing  must  be  employed  if  permanent  records  are  a  requirement;  this 
process  takes  from  15-20  minutes. 

The  final  data  Is  presented  with  high  contrast  on  white  background  with 
sufficient  time  resolution.  The  frequency  response  is  limited  primarily 
by  paper  speed  and  the  galvanometer  used.  Current  recorders  and  galvan¬ 
ometers  provide  DC  to  10  KHz  response,  which  is  adequate  for  most  shock 
and  vibration  data  acquisition  needs.  Direct  writing  oscillography  has 
without  question  established  itself  as  the  most  useful  method  for  reliable 
"quick-look"  shock  and  vibration  data  acquisition  and  display. 

Where  frequency  response  in  excess  of  about  10  KHz  is  required  the  thode- 
ray  oscilloscope/camera  combination  can  be  used  to  obtain  accelera  j.o..  vs 
time  histories. 
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The  principle  ol  operation  is  quite  similar.  The  amplified  signal  from 
the  accelerometer  is  utilized  to  deflect  the  electron  beam  of  the  cathcde- 
ray  tube,  a  standard  photographic  camera  is  mounted  to  the  display  screen 
to  photograph  the  display.  The  principal  disadvantage  of  this  system  is 
that  only  a  relatively  short  real  time  history  is  presented  on  the 
resultant  picture;  typically  10-15  milliseconds.  However,  the  practical 
upper  frequency  response  is  limited  only  by  the  oscilloscope's  electronics, 
and  is  therefore  much  higher  than  even  the  most  stringent  requirements  of 
a  shock  test. 

To  obtain  consistantly  reliable  data  with  the  oscilloscope/camera  combin¬ 
ation,  the  problem  of  scope  triggering  must  be  treated  in  considerable 
detail.  This  is  true  in  each  data  acquisition  case;  vibration,  shock,  or 
other  non-periodic  data. 

In  order  to  trigger  the  scope's  sweeping  electron  beam,  it  is  important 
to  generate  a  voltage  spike  of  predictable  amplitude  and  lead  time  ahead 
of  the  data  to  be  recorded.  The  simplified  diagram  shown  on  the  appendix 
(  7.4-3  )  illustrates  a  typical  method  which  has  been  used  with  consistent 
success.  Similar  methods  can  be  arranged  for  other  requirements. 

Recent  developments  and  improvements  in  the  area  of  oscilloscopes  with 
long  retention  time  capabilities  on  the  cathode-ray  display  screen  make 
this  instrument  desirable  for  presentation  of  relatively  short  pulses, 
such  as  shock  data.  Several  companies  produce  instruments  with  excellent 
storage  capacity  retention  in  the  order  of  several  hours.  The  storage 
scope  is  treated  in  a  manner  identical  with  the  common  oscilloscope. 
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IMPROVING  THE  USEFULNESS  OF  DYNAMIC  RESPONSE  DATA  BY  MEANS  OF  MAGNETIC  TAPE 


Magnetic  tape  yields  a  data  format  which  cannot  be  duplicated  by  any  other  present 
day  recording  media.  Advantages  such  as  instant  replay  of  the  environment  and  ease 
of  storage  for  future  use  are  only  two  of  its  many  attributes. 


For  years  shock  and  vibration  engineers  have  complained  strenuously  about 
the  vast  amounts  of  data  being  collected  during  dynamic  testing  without 
much  thought  being  given  as  to  how  this  data  would  ultimately  be  put  to 

use. 

In  the  majority  of  the  cases,  data  wii3  collected  by  some  form  of  direct 
writing  recorder  (pen  or  light  beam  sensitive  type).  Although  this  yields 
a  data  format  somewhat  better  than  the  indication  obtained  from  a  panel 
meter,  it  does  not  provide  a  live  data  format;  one  which  provides  for 
essentially  instant  replay  of  the  test  environment. 

Let  us  now  examine  what  advantages  magnetic  tape  has  as  a  recording  media. 
Magnetic  recording  tape  has  a  coating  of  a  permanent  magnetic  material 
deposited  onto  a  synthetic  film  base.  Initially  the  magnetic  material  is 
in  a  demagnetized  state.  Recording  heads  in  the  form  of  electromagnets 
are  arranged  in  such  a  fashion  that  their  tiny  air  gap  is  bridged  over  the 
magnetic  material  coated  side  of  the  tape  as  it  is  drawn  across  at  a  con¬ 
stant  velocity.  As  the  tape  leaves  the  trailing  edge  of  the  recording 
head  gap,  each  particle  in  the  coating  is  left  permanently  magnetized. 

The  Intensity  of  magnetization  is  proportional  to  the  instantaneous  signal 
current  in  the  recording  heaa  winding  at  the  instant  the  particle  left  the 
gap. 

The  reproduce  (replay)  head  is  e.n  electromagnet  similar  in  construction 
and  arrangement  to  the  record  bead.  When  the  magnetized  particleB  are 
bridging  the  gap  of  the  reproduce  head, a  magnetic  flux  1b  established  in 
the  core.  As  the  tape  is  drawn  past  this  gap,  variations  in  the  flux 
induce  a  voltage  in  the  reproduce  head  winding  proportional  to:  the  ampli¬ 
tude  of  magnetic  intensity  of  the  tape  particles;  and  the  tape  velocity. 
The  resultant  voltage  recreates  the  original  input  signal. 

The  magnetic  tape  recording  process  thus  described,  uses  what  is  called 
the  "Direct  Recording  Process".  Several  other  methods  are  available  to 
the  user  and  each  have  their  particular  advantages  and  disadvantages; 
these  will  be  treated  in  detail  in  sections  to  follow.  The  advantages  of 
magnetic  tape  as  a  recording  media  may  be  defined  as  follows,  regardless 
of  the  selected  process: 

1.  Reproduces  original  dynamic  signals  in  electrical  form.  Permits 
further  study  by  chart  recorder,  X-Y  plotter,  oscilloscope,  wave 
analyzer,  A/D  conversion  and  by  many  other  display  and  investi¬ 
gating  instruments  without  the  necessity  of  manual  data  plotting 
and  reduction. 

2.  Provides  a  frequency  range  much  wider  than  other  recording 
methods . 
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3.  Allows  the  speed  of  events  and  frequencies  to  be  changed.  Thus 
rapidly  occurring  events  may  be  reproduced  and  analyzed  at 
reduced  speeds.  This  enables  the  user  to  utilize  the  more  common 
low  frequency  analyzers  and  associated  data  processing  equipment. 
Alternatively,  long  time  recordings  of  slow  events  or  low  fre¬ 
quencies  may  be  speeded  up  for  study  by  simply  reproducing  the 
signal  at  a  faster  speed  than  was  used  during  recording. 

4.  Time  and  phase  relationships  between  numerous  signals  are  accur¬ 
ately  preserved.  This  permits  identification  of  the  sequence  of 
parallel  events  and  is  especially  valuable  where  shock  propaga¬ 
tions  through  a  test  specimen  are  to  be  determined. 

5.  Has  great  inherent  flexibility  in  reproduction.  The  record 
(tape)  may  be  reproduced  immediately  without  special  processing. 
Copies  can  be  made  for  possible  parallel  use  or  for  a  variety  of 
other  purposes. 

6.  The  process  is  economical  because  the  magnetic  tape  may  be  erased 
and  reused  many  times.  This  makes  it  practical  to  freely  record 
many  signals  of  interest  at  a  low  cost.  Only  data  which  proves 
to  be  of  significant  interest  need  be  preserved  or  transferred 

to  a  da .a  library  for  storage. 


MAGNETIC  TAPE:  Dynamic  phenomena  may  be  permanently  recorded  on  tape  for 
subsequent  use  or  analysis.  The  signal  may  be  plotted,  analyzed,  or 
converted  into  other  formats  without  compromizing  the  originally  recorded 
data . 
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RiTINIMG  THE  PRETEST  PLANNING  AND  EQUIPMENT  SELECTION  PROCESS 


A  detailed  examination  of  the  measurement  and  equipment  requirements  prior  to  the 
•tart  of  any  test  la  a  prerequisite  to  efficient  data  collection,  which  will 
ultimately  prove  useful  to  the  equipment  design  engineer. _ 


Since  the  Instrumentation  which  is  used  to  acquire  the  desired  test  data 
will  vaiy  with  what  is  to  be  measured,  it  is  important  that  the  parameters 
be  established  well  in  advance  of  the  test.  The  test  engineer  should 
discuss  with  the  Instrumentation  engineer  his  measurement  OBJECTIVES  In 
greet  detail.  Quite  often  a  test  Is  "over-instrumented'’,  yet  little  If 
any  data  of  real  value  to  the  equipment  design  engineer  Is  obtained.  The 
solution  to  this  problem  in  most  instances  is  a  precise  delineation  of 
the  measurement  and  objectives  by  the  equipment  design  engineer,  since  he 
knows  best  what  data  he  needs  in  the  design  of  his  product.  The  instru¬ 
mentation  engineer  is  now  equipped  to  select  the  best  methods  and  equip¬ 
ments  to  accomplish  the  task.  The  tabulation  of  the  parameters  to  be 
measured  can  be  of  great  value  in  organizing  the  test  data  collection 
process. 

Consideration  must  also  be  given  to  the  type  of  test  to  be  performed.  In 
the  case  of  a  qualification  test,  for  example,  the  requirements  for  test 
data  recording  may  be  minimal,  whereas  in  the  case  of  a  developmental 
test,  data  acquisition  requirements  may  call  for  far  more  sophisticated 
equipments  and  methods. 

The  location  of  transducers  on  the  specimen  is  one  of  the  most  important 
steps  in  the  process  of  meaningful  test  data  collection.  Data  obtained 
from  locations  chosen  rather  arbitrarily  can  be  misleading  and  at  times 
is  worse  than  no  data  at  all.  In  most  cases  a  near  optimum  location  can 
be  determined  from  data  which  was  obtained  during  a  similar  test  or  per¬ 
haps  during  the  developmental  test  phase  of  the  same  teBt  specimen. 

Even  though  the  meaningfulness  and  ultimate  usefulness  of  the  test  data 
to  the  equipment  design  engineer  must  be  used  as  the  major  guideline  in 
the  choice  of  methods  and  equipments,  the  factor  of  cost  must  also  be 
considered.  Relative  cost  comparisons  can  be  made  on  this  basis. 

Another  basic  decision  which  must  be  made  in  the  early  test  planning 
stage  is  the  choice  of  direct  reading  vs  data  recording  (storage)  type 
lnstrurentation  to  be  used.  The  details,  advantages  and  disadvantages 
of  both  will  be  discussed  in  succeeding  topics. 


7.2-6 


VOLUME  III 


PRETEST  PLANNING:  The  careful  consideration  of  test  objectives,  test 
type,  and  transducer  location  (including  interaction)  will  aid  in  the 
optimization  of  the  instrumentation  support  equipment. 
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DIRECT  READING  VIBRATION  AND  SHOCK  MEASUREMENT  INSTRUMENTATION 


Direct  measuring  and  indicating  shock  and  vibration  instrumentation  when  properly 
utilized  provides  a  means  of  rapid  and  economical  on-line  data  collection  and 
display, _ 


In  today's  demanding  pace  of  shock  and  vibration  instrumentation,  the 
trend  seems  to  be  to  ever  increasing  equipment  sophistication.  This  trend 
has  indeed  resulted  in  advancements  which  allow  the  instrumentation 
engineer  to  provide  the  structural  designer  with  data  in  engineering  terms 
he  can  use  to  better  design  his  equipment. 

The  instrumentation  engineer  however  is  sometimes  tempted  to  over¬ 
instrument  the  test;  the  result  being  a  lot  of  sophisticated  data  often 
useless  to  the  equipment  designer.  Hie  choice  of  instrumentation  equip¬ 
ment  must  be  based  on  the  actual  data  acquisition  needs  for  the  particular 
Job  at  hand. 

In  many  tf.st  instances,  a  collection  of  the  basic  variables  (acceleration, 
velocity  and  displacement)  can  still  be  accomplished  reliably  and  econ¬ 
omically  with  some  of  the  time  proven,  direct  measurement  meuiods.  One  of 
the  more  popularly  known  methods  is  the  use  of  a  gage  to  determine  the 
amplitude  of  vibration.  As  a  rule,  this  method  is  somewhat  limited  to 
simple  harmonic  motion  rather  than  complex  vibration  or  shock.  However, 
this  method  presents  a  means  of  rapid  data  presentation  in  terms  of  ampli¬ 
tude.  A  black-colored  wedge  is  attached  on  a  white  background,  and  thence 
to  the  specimen.  While  the  test  specimen  undergoes  the  vibration  cycle, 
the  wedge  is  viewed  under  stroboscopic  light.  The  trigger  source  1b 
derived  from  the  vibration  machine;  synchronization  is  Buch  that  the 
stroboscopic  light  source  is  approximately  four  cycles  above  or  below  the 
frequency  of  the  forced  vibration.  The  result  is  that  the  wedge  appears 
stationary  to  the  observer's  eye.  By  holding  a  linear  scale  against  this 
wedge,  one  can  directly  measure  the  vibration  displacement.  As  the  ampli¬ 
tude  of  vibration  decreases,  movement  of  the  wedge  becomes  increasingly 
difficult  to  measure.  By  using  a  simple  magnifying  lens,  one  can  extend 
the  range  of  measurement  possibly  by  a  factor  of  10  to  1.  Even  so,  this 
method  does  not  fall  in  the  area  of  sophisticated  instrumentation.  It 
presents  an  economical  and  rapid  method  of  determining  the  vibration 
amplitude  in  gross  terms.  The  approximate  range  of  useful  amplitude 
measurements  of  this  method  is  limited  to  about  .02  inches. 

The  hand  held  vibration  pickup  is  another  excellent  method  for  obtaining 
quick  on-line  vibrational  data  in  terms  of  amplitude  and  frequency. 

These  pickups  consist  of  an  extremely  light  moving  coil  element  which 
produce  an  electrical  signal  proportional  to  either  velocity  or  displace¬ 
ment.  The  obvious  advantage  of  this  method  is  the  capability  of  reading 
the  variables  directly  on  the  face  of  a  meter  without  complicated 
recording  techniques  and  equipments. 

In  most  cases  direct  readings  are  available  in  terms  of  vector  velocity- 
in  inches  per  second,  or  vector  acceleration  in  g  units.  A  sweep  through 
the  frequency  of  interest,  holding  a  constant  level  of  input  at  the 
exciter  table  und  monitoring  the  response  of  the  test  specimen,  will 
readily  indicate  the  resonant  frequency. 
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TYPICAL  WEDGE  INDICATOR 


Observed  -  *0  .0£  .04  .06  .08  .1! 
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The  Peak-to-Peak  Vibration  Amplitude 
at  a  Point  Where  the  Intersection  of 
Wedge  Images  Appear 
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Some  Advantages : 

•  Ease  of  Location  Change 

•  Low  Co6t  -  No  Supporting  Meters  Needed 


TYPICAL  HAND-HELD  PICKUP 


Pickup 
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Specimen 


In^it  U 


Direct 

Reading 

Meter 


Displacement,  Velocity, 
Acceleration  Selector 


Some  Advantages : 

•  Direct  Read-Out  of  Three  Variables 

•  Built-In  Electronics  for  Derivation  of  Two  Variables  from 
One  Measured  Parameter 

•  Base  of  Operation 

•  Self -Calibrating 


DIRECT  READING  METHODS:  The  stroboscopic  wedge  and  hand-held  probe  are 
two  familiar  methods  for  direct  measurement  of  dynamic  excitations. 
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CURRENT  TRENDS  IN  DATA  RECORDERS 


Recording  of  variables  as  a  function  of  time  in  a  form  which  can  be  stored  and 
reproduced  must  be  evaluated  with  respect  to  other  available  data  collection 
methods  prior  to  the  test  start. _ 


The  recording  equipment  available  on  today' s  instrumentation  market  can 
be  subdivided  into  three  categories: 

1.  Graphic  Level  Recorder 

2.  Direct  Writing  Oscillograph 

3.  Magnetic  Tape  Recorder  will  be  discussed 

Each  of  the  three  categories  will  be  discussed  in  greater  detail.  The 
graphic  level  recorder  was  for  years  the  most  common  recording  method  for 
variables  such  as  acceleration,  velocity  and  displacement.  Its  main 
attribute  is  the  low  cost  of  initial  acquisition  plu6  the  on-line  readout 
capability  of  the  acquired  data.  Basically,  this  type  of  recorder  consists 
of  a  D'Arsonval  meter  movement  to  which  a  writing  element  is  attached  with 
either  a  hot-tip  or  an  ink-filled  cartridge  which  writes  onto  common 
recording  paper.  The  writing-pen  is  deflected  by  the  electrical  current 
flowing  through  the  armature.  The  resultant  trace  on  the  recording  paper 
is  a  history  of  the  amplitude  and  frequency  to  which  the  transducer  is 
subjected  to.  Its  greatest  disadvantage  is  the  fact  that  this  type  of 
recorded  data  cannot  be  reproduced  in  a  live  format.  That  1b,  it  cannot 
be  used  as  a  signal  source  for  a  vibration  machine  in  order  to  recreate 
the  vibration  environment. 

The  direct  writing  light-beam  oscillograph  in  contrast  to  the  graphic 
level  recorder,  utilizes  a  light  beam  galvanometer  as  the  writing  element. 
This  method  consists  of  a  tiny  mirror  attached  to  the  armature  of  the 
D'Arsonval  movement.  A  collimated  light  beam  is  directed  against  this 
mirror.  The  reflection  of  this  light  beam  is  focused  directly  onto  a 
.light-sensitive  photographic  recording  paper.  This  recording  paper  is 
drawn  past  the  light  beam  at  a  constant  velocity,  impressing  a  time 
history  of  the  vibration.  The  resultant  trace  becomes  an  acceleration 
versus  time  history  of  the  phenomenon  under  observation.  One  distinct 
advantage  is  the  higher  frequency  response  realized.  Frequencies  from 
DC  to  well  above  5000  Hz  can  easily  be  recorded  by  this  method.  However, 
the  data  is  not  reproducible  In  an  electrical  form.  This  method  does, 
however,  present  a  quick  one-line  readout  of  the  data.  It  has  a  distinct 
advantage  over  the  graphic  level  recorder  In  its  higher  contract  and 
higher  frequency  response  capability. 

The  third  recording  category  is  magnetic  tape.  This  is  by  far  the  most 
commonly  used  method  in  today's  field  of  instrumentation.  The  basic 
advantage  is  that  the  electrical  analog  received  from  various  sensors  such 
as  accelerometers  is  recorded  in  a  live  format  which  can  *e  replayed  many 
times  over.  The  signal  derived  from  the  magnetic  tape  in  the  playback 
process  also  lends  itself  to  use  as  a  signal  source  for  electrodynamic 
vibration  machines.  A  major  advantage  of  this  method  is  the  industry 
standardization  on  tape  speeds,  frequency  response,  center  frequencies, 
and  bandwidths.  This  allows  greater  data  communication  between  test 
laboratories. 
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DATA  RECORDERS:  Currently,  dynamic  data  is  recorded  by  one  of  three 
means;  graphic  level  recorders,  direct  writing  oscillographs,  or 
magnetic  tape  recorders. 
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OPTIMIZING  TRANSDUCER  CHARACTERISTICS  FOR  DYNAMIC  MEASUREMENTS 


By  simple  definition,  a  transducer  is  a  device  whicc  converts  energy  from  one  form 
another.  Transducers  used  in  shock  and  vibration  instrumentation  provide  a  means  < 
converting  mechanical  forces  into  proportional  electrical  currents  which  can  be 


plifled  for  measurement  and  evaluation. 


For  a  basic  understanding  of  the  transducer  principle,  one  might  think  of 
a  phonograph  pickup  as  an  example.  In  this  application,  mechanical  forces 
sensed  by  the  phonograph  needle  are  converted  into  small  electrical  signals 
which  are  then  amplified  for  practical  use  in  the  form  of  sound.  Just  as 
there  are  different  principles  employed  in  phonograph  pickups  (i.e. 
crystal,  magnetic),  there  are  several  types  of  transducers  used  in  shock 
and  vibration  measurement. 

The  shock  and  vibration  measurement  transducers  discussed  here  represent 
three  of  the  most  commonly  used  types.  These  are:  the  piezoelectric 
accelerometer,  the  velocity  pickup,  and  the  unbonded  strain  gage.  The 
selection  of  the  type  of  transducer  for  a  particular  application  depends 
upon  the  nature  of  the  mechanical  force  to  be  measured  with  respect  to  the 
magnitude  and  complexity  of  the  shock  or  vibration  signal,  and  upon  range 
limitations  of  the  monitoring  instrumentation. 

Present-day  technology  places  many  demands  on  transducer  performance 
criteria.  Of  prime  consideration,  is  the  ability  of  the  accelerometer  to 
be  useful  over  a  broad  frequency  range,  a  wide  dynamic  range,  and  its 
ability  to  faithfully  reproduce  the  dynamic  acceleration  which  it  senses. 

In  addition,  since  dynamic  tests  are  often  combined  with  climatic  envir¬ 
onments,  the  transducer  must  also  be  capable  of  performing  within  its 
tolerance  limits  under  extreme  conditions  of  temperature  and  humidity. 

The  most  versatile  and  widely  used  transducer  for  both  shock  and  vibration 
applications  is  the  piezoelectric  accelerometer.  The  piezoelectric  theory 
relates  to  a  pressure-sensitive  property  of  the  crystalline  material  used 
in  the  accelerometer.  That  is,  when  the  material  is  subjected  to  a  force 
or  compression,  an  electrical  charge  is  produced.  The  electrical  charge 
is  proportional  to  the  quantity  of  force  applied  and,  therefore,  provides 
a  practical  means  for  measuring  that  force.  The  crystalline  element  of 
the  piezoelectric  accelerometer  responds  with  high  sensitivities  to 
measurement  of  shock  impacts  of  up  to  10,  OCX)  g's  and  sinusoidal  vibrations 
of  up  to  2000  g's  at  frequencies  of  up  to  15,000  Hz.  Adding  to  its 
versatility,  is  its  ruggedness  in  design  and  its  compactness  in  size  which 
facilitate  handling  and  mounting. 

The  velocity  pickup  is  an  induction  type  transducer  which  uses  a  principle 
similar  to  that  of  the  variable-reluctance  (or  magnetic)  phonograph 
pickup.  Its  output  voltage  is  developed  by  the  movement  of  a  permanent 
bar -magnet  within  a  magnetic  field.  The  voltage  developed  is  proportional 
to  the  displacement  velocity  and  can  be  monitored  directly.  For  a  vel¬ 
ocity  of  about  10  centimeters  per  second,  the  output  voltage  is  in  the 
order  of  10  millivolts.  However,  the  velocity  pickup  is  limited  only  to 
use  in  the  measurement  of  shock  motions  having  relatively  small  displace¬ 
ments. 

Another  transducer  of  interest  is  the  unbonded  strain  gauge  type  where  a 
resistive  principle  is  used.  The  strain  sensing  element  consists  of  four 
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sets  of  strain-sensitive  wires  connected  to  form  a  Wheatstone  bridge 
(a  balanced  resistive  circuit  used  for  accurate  resistance  or  voltage 
measurements).  The  wires  are  mounted  under  some  pre-stress  between  a 
frame  and  a  movable  element.  As  the  element  moves  about  a  pivot  point, 
strain  is  created  which  changes  the  wire  resistance,  thereby  causing  an 
unbalance  of  the  bridge.  If  an  external  voltage  is  connected  to  the 
bridge  circuit,  the  output  of  the  strain  gage  will  be  zero  when  the 
bridge  is  balanced  (no  movement);  a  force  acting  upon  the  movable  element 
of  the  strain  gage  will  unbalance  the  bridge,  giving  rise  to  an  output 
voltage  which  is  proportional  to  the  displacement. 

Although  their  accuracy  can  be  better  than  0.1  percent,  a  disadvantage  is 
the  susceptibility  of  the  wire  materials  to  changes  in  temperature,  making 
it  necessary  to  restrict  their  use  to  measurement  under  constant  temperature 
conditions,  unless  temperature  compensating  measures  are  applied. 

In  summary,  it  can  be  stated  that  generally  the  transducer  types  discussed 
fall  into  three  basic  categories: 

1.  Piezoelectric  (Crystal)  -  Shock  excitations  and  others  above  5  Hz. 

Data  acquisition. 

2.  Velocity  (Moving  Coil  or  Magnet)  -  Vibration  and  other  periodic 
motion  data  in  the  range  5  Hz  to  2  Hz. 

3.  Unbonded  St rain -Gage  -  Vibration  and  shock  situations  (less  than  lQOg) 
in  the  frequency  range  DC  -  500  Hz. 

The  most  comnon  form  of  signal  conditioning  used  today  for  category  No.  1 
is  the  change  type  amplifier.  It  provides  for  more  rapid  and  reliable 
procedures  during  field  calibration.  Various  voltage  amplifiers  and 
readout  instruments  can  be  used  with  the  category  No.  2  type  transducer; 
the  most  common  is  the  self-contained  vibration  meter  (e.g,  MB,  CEC). 

The  category  No.  3  transducer  requires  either  a  DC  or  an  AC  excitation 
voltage  coupled  with  some  method  for  balancing.  Numerous  commercial 
equipment  i6  available (e.g,  Endevco,  CEC,  Honeywell). 

Each  of  these  transducer  categories  is  illustrated  in  the  Appendix, 
page  7.4-4. 
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TRANSDUCER  CALIBRATION  METHODS 


In  order  to  guarantee  the  accuracy  and  validity  of  any  shock  or  vibration  measurement, 
it  is  essential  that  the  calibration  of  the  transducer  be  verified.  Various  methods 
far  accomplishing  this  have  been  employed;  the  most  common  is  the  "comparison"  method, 
which  is  rapid,  accurate,  and  easy  to  perform, _ 


Determining  the  basic  sensitivity  of  a  transducer,  that  is,  the  ratio  of 
change  in  electrical  output  to  a  change  in  mechanical  input,  requires 
accurate  measurement  of  both  the  mechanical  input  and  the  resultant 
electrical  output.  Initial  sensitivity  calibration  of  each  transducer, 
using  the  comparison  method,  is  performed  by  the  manufacturer.  The  eame 
method  is  also  employed  by  the  shock  or  vibration  laboratory  as  a  reliable 
and  rapid  means  of  verification.  In  this  method,  the  calibration  of  the 
transducer  to  be  verified  is  compared  to  that  of  a  reference  transducer 
whose  accuracy  has  been  established  and  is  traceable  to  the  National 
Bureau  of  Standards  (NBS).  In  performing  such  a  comparison,  both  the 
calibrated  transducer  and  the  transducer  to  be  calibrated  are  mounted  in 
a  "back-to-back"  configuration  as  shown,  enabling  both  transducers  to  be 
subjected  to  the  same  input  motion  and  their  output  signals  to  be  moni¬ 
tored  simultaneously. 

Factory  sensitivity  calibrations  are  performed  using  the  instrumentation 
shown  in  the  block  diagram.  While  the  shaker  table  is  vibrated  at  50  cps 
and  10  G's,  the  voltage  divider  is  adjusted  with  the  switch  in  either 
position.  The  ratio  indicated  on  the  decade  voltage  divider  is  then  used 
to  compute  sensitivity;  the  sensitivity  of  the  standard  transducer  divided 
by  that  ratio,  yields  the  sensitivity  of  the  transducer  being  calibrated. 
The  degree  of  accuracy  obtained  using  this  system  is  better  than  1  percent. 

To  eliminate  errors  which  might  be  introduced  by  a  transducer-controlled 
drive  system,  the  amplitude  of  vibration  is  determined  optically  by  means 
of  a  high  resolution  microscope  viewing  an  illuminated  light  spot  on  the 
shaker  table  and  measuring  table  displacement  in  terms  of  inches  double 
amplitude  (peak-to-peak  displacement). 

Acceleration  far  any  given  frequency  can  be  calculated  using  the  following 
formula:  G  *  0.0511  Df2,  where  0.0511  is  a  constant,  D  is  double  ampli¬ 
tude,  or  peak-to-peak  displacement  in  inches,  and  f  is  frequency  in  cycles 
per  second.  Other  useful  formulae  are  available  for  determining  the 
sensitivity  of  a  transducer  when  a  reference  standard  is  not  available  far 
comparison.  Calibration  data  supplied  with  each  transducer  includes  the 
necessary  parametric  values  for  such  calculations. 

The  graph  illustrated  on  the  opposite  page  represents  a  typical  sensitivity 
calibration  curve.  The  linear  portion  of  the  curve  represents  an  accel¬ 
eration  of  10  G's.  Sensitivity  is  given  in  peak  millivolts  per  peak  G 
(if  read  on  an  rms  voltmeter,  this  value  is  then  converted  to  rms  milli¬ 
volts  per  rms  G).  This  information,  along  with  a  calibration  certificate, 
is  documented  by  the  manufacturer  and  accompanies  each  transducer. 
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TRANSDUCER  MOUNTING  METHODS  AND  TECHNIQUES 

Hie  transducer  mounting  and  coupling  techniques  must  be  considered  and  evaluated  for 
each  test  case  since  they  form  an  important  and  Integral  part  of  the  overall  data 
acquisition  system. _ 


In  order  for  an  accelerometer  to  generate  accurate  and  useful  data,  it 
must  be  properly  coupled  to  the  equipment  under  investigation.  The 
methods  of  attachment  should  not  Introduce  any  di  r'  ion.  This  requires 
that  the  accelerometer  mounting  method  be  rigid  c  '■he  frequency  range 
of  interest.  It  is  necessary  that  the  bonding  metu-i  raployed  does  not 
introduce  either  an  amplification  or  filtering  effect  to  the  stimuli  that 
is  acting  upon  the  accelerometer. 

A  popular  method  of  mounting  accelerometers  of  relatively  low  weight  is 
that  of  cementing  the  accelerometer  and  an  intermediate  mounting  stud  to 
the  test  specimen  surface.  In  rare  instances  it  may  be  desirable  to  apply 
the  cement  directly  to  the  accelerometer  to  reduce  the  effective  accel¬ 
erometer  weight.  To  insure  adhesion  sufficient  for  efficient  energy 
transfer  at  higher  frequencies,  it  is  recommended  that  an  oil  film  or  a 
silicone  base  Jelly  be  applied  between  the  accelerometer  mounting  surface 
and  that  of  the  specimen. 

Another  common  mounting  method  for  lightweight  accelerometers  is  pressure 
sensitive  tape.  The  tape  has  an  adhesion  layer  on  both  sides,  and  is 
placed  between  the  accelerometer  and  the  surface  of  the  test  specimen. 

This  method  should  be  restricted  to  frequencies  below  500  Hz;  higher 
frequencies  may  result  in  an  alteration  of  the  response  of  the  accel¬ 
erometer. 

At  times  fixtures  may  be  required  to  attach  an  accelerometer  to  a  test 
specimen  in  order  to  transfer  the  energy  from  one  plane  into  another  plane. 
Prior  to  application  of  this  method,  one  should  investigate  possible  alter¬ 
ation  effects  which  the  fixture  might  have  on  the  accelerometer's  response. 
In  order  to  properly  design  such  a  fixture,  the  exact  nature  of  its  use 
must  be  known.  Frequency  range,  G  levels  and,  of  course,  the  mechanical 
specification  of  the  teat  object  must  be  well  defined.  A  common  rule  is; 
the  more  complex  the  test  fixture,  the  more  points  will  have  to  be 
examined  since  the  probability  of  this  fixture  having  several  resonance 
points  is  quite  high.  Some  ground  rules  for  use  of  a  mechanical  fixture 
are:  the  major  resonant  frequency  of  the  fixture  should  be  well  above 
or  below  the  frequency  test  range;  the  test  fixture  should  be  as  light 
as  possible  in  order  to  minimize  undesirable  loading  effects  of  the 
test  specimen. 

The  cable  which  transfers  the  signal  from  the  accelerometer  to  the  signal 
conditioning  equipment  must  be  properly  supported.  It  is  recommended 
that  the  cable  be  fixed  with  tape  or  similar  methods  every  three  inches 
over  its  length.  Failure  to  do  so  may  not  only  result  in  spurious  out¬ 
puts  but  it  can  behave  as  a  noise  frenerator.  This  is  especially  true  in 
cases  where  the  acceleration  levex  is  relatively  low  which  may  result  in 
an  erroneous  indication  of  the  test  specimen' s  behavior. 
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IMPROVING  THE  SIGNAL  CONDITIONING  SYSTEM 


The  equipment  used  to  condition  a  transducer  output  signal  into  a  recordable  level 
oust  be  evaluated  with  respect  to  the  expected  and  non-expected  situations  which 

might  occur. _ * _ _ 


Since  any  transducer  is  a  device  which  converts  mechanical  motion  into  an 
electrical  signal  having  a  linear  relationship  to  the  mechanical  motion, 
it  is  important  to  amplify  this  electrical  with  "high  fidelity". 

A  typical  signal  conditioning  system  is  illustrated  in  block  diagram. 

The  output  from  the  crystal  accelerometer,  normally  in  millivolts  per  G  of 
acceleration,  is  transmitted  to  the  high  impedance  input  of  a  voltage 
amplifier  by  a  special  low-capacity  cable  having  low  noise  characteristics. 
The  high  input  impedance  (in  the  order  of  several  hundred  megohms)  of  the 
amplifier  provides  a  matched  termination  for  the  high  internal  source 
impedance  of  the  accelerometer.  This  results  in  a  relatively  long  RC 
time  constant,  assuring  good  low  frequency  response.  The  sensitivity  of 
the  accelerometer  can  be  attenuated  by  simply  lengthening  the  inter¬ 
connecting  cable  between  the  accelerometer  and  the  amplifier  input.  How¬ 
ever,  in  most  cases,  it  is  desirable  to  utilize  a  separate  capacitive 
attenuator  to  facilitate  the  control  of  the  attentuation  value.  Usually, 
a  decade  capacitor  is  used  for  this  purpose.  Precisely  known  amounts  of 
capacity  are  placed  at  the  output  of  the  accelerometer  and  in  parallel 
with  the  input  to  the  amplifier.  A  new  value  for  the  effective  sensitivity 
of  the  accelerometer  may  be  calculated  from  the  circuit  parameters  when 
this  attentuation  method  is  used.  The  attenuated  output  thus  introduced 
to  the  input  of  the  voltage  amplifier  is  then  amplified  to  a  level  suit¬ 
able  for  further  processing.  This  amplifer  is  normally  a  linear -voltage 
type. 

In  many  instances,  it  may  be  desirable  to  cubject  the  data  signal  to  some 
filtering  in  order  to  separate  spurious  signals  from  the  basic  wave  shape. 
Normally,  the  filtering  is  accomplished  subsequent  to  the  amplification  of 
the  transducer  signal;  that  is,  at  the  output  of  the  amplifier.  When 
filtering  is  applied,  care  should  be  taken  to  avoid  applying  the  technique 
indiscriminately.  An  analysis  should  first  be  made  as  to  whether  the  high 
frequency  content  of  the  basic  sine  wave  is  actually  a  part  of  the  data 
being  received  or  is  noise  which  is  Introduced  somewhere  between  the 
sensor  and  the  read-out  device.  Once  this  has  been  determined,  the  type 
of  filtering  can  then  be  considered.  One  must  be  fully  aware  that  if 
filtering  is  applied,  the  apparent  acceleration  levels  will  be  decreased. 

As  a  general  rule,  if  the  high  frequency  cut-off  is  five  times  the  basic 
frequency  of  a  half  sine  wave  signal  of  the  vibration  frequency,  this  will 
not  produce  undue  distortion  of  the  signal.  Ratios  as  low  as  one  and  one- 
half  times  the  signal  frequency  are  being  applied  and  have  been  quoted  as 
acceptable.  In  all  cases,  the  filter  should  have  a  sharp  roll-off  at  its 
cut-off  frequency.  No  recognized  commercial  filter  is  available,  within 
the  budget  range  of  most  users,  which  has  a  sharp  enough  roll-off  to  be 
used  at  the  lower  filter  cut-off  ratio. 
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TYPICAL  VOLTAGE  ACCELEROMETER/AMPLIFIER  SYSTEM 


FEATURES: 

•  Transducer  Generates  a  Voltage  Proportional  to  Acceleration 

•  Precision  Capacitance  Decade  Box  May  be  Used  to  Attenuate  the 
Signal  to  Desired  Level 

•  Linear  Voltage  Amplifiers  Provide  the  Relatively  High  Input 
Impedance  (£10  Mil)  Required  for  Low  Frequency  Response  and 
Also  Provide  Current  to  Drive  the  Readout  Instrumentation 
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—  Input  From  Charge  Accelerometer 


TYPICAL  CHARGE  AMPLIFIER  SYSTEM 


FEATURES: 

•  Output  from  Piezoelectric  Charge  Accelerometer  is  a  Charge 

(Number  of  Picocoulombs  per  g)  Proportioned  to  the  Acceleration 
Signal  Which  is  Converted  in  the  Charge  Converter  to  a 
Conventional  Voltage  Proportioned  to  the  Acceleration  Signal; 
From  Here  on,  It  is  Treated  as  the  Voltage  System 
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A  DI8CUSSI0I(  Of  OSCILLOGRAM  INTERPREEATIOH  TECHNIQUES 


In  order  to  transform  oscillograms  and  other  chart  records  Into  data  which  can  he 
effectively  reduced  and  analyzed,  a  well  defined  methodology  and  technique  must  be 
developed. _ _ _ _ _ 


In  spite  of  the  increased  applications  of  magnetic  tape  as  a  recording 
media,  the  vide  use  of  the  oscillograph  in  dynamic  data  acquisition  still 
prevails.  For  practical  design  purposes,  it  is  necessary  to  be  able  to 
extract  from  the  oscillogram  the  meaningful  data  required.  Some  of  the 
mare  r ommonly  used  methods  of  oscillogram  analysis  will  be  discussed  in 
this  section.  This  discussion  also  Includes  oscillogram  reduction, 
oscillogram  to  magnetic  tape  transformation,  oscillogram  waveform  analysis, 
and  Interpretation  of  shock  data  oscillograms. 

Examining  the  illustrated  shock  waveform,  the  number  of  g’s  per  unit  of 
trace  deflection  is  determined  from  the  oscillograph  calibration  employed 
durii^  the  data  acquisition  phase.  Similarly,  the  paper-speed  established 
determines  the  real-time  tc  recording-paper  length  relationship.  Once 
these  quantities  have  been  established,  the  recording  can  be  edited  by 
simple  visual  means.  Parameters  such  as  acceleration  peaks  and  time  and 
frequency  of  occurrence  can  now  be  evaluated.  Another  parameter  of 
Importance  to  the  equipment  designer,  is  the  comparison  of  acceleration 
propagation  time  throughout  the  structure  under  test.  This  is  determined 
from  the  tine  required  far  the  shock  pulse  to  propagate  from  the  first 
point  of  impact  to  the  various  accelerometer  locations  on  the  equipment 
structure.  Knowing  the  frequency  response  of  the  recording  galvanometer, 
the  degree  of  damping,  if  any,  within  the  structure  can  also  be  determined. 

When  analyzing  shock  data,  the  characteristics  of  the  particular  acceler¬ 
ometer  used  during  the  test  must  also  be  taken  into  consideration.  Sobk 
crystal  accelerometers  experience  a  change  in  these  characteristics  when 
subjected  to  repeated  blows.  Ibis  will  manifest  itself  as  an  apparent 
low-frequency  base-line  shift  of  the  recording  trace.  Also,  when  a 
"ringing"  of  the  trace  is  noted,  one  should  investigate  the  possibility 
of  the  accelerometer  having  been  excited  near  its  natural  frequency. 

In  order  to  approach  oscillogram  interpretation  from  an  analytical  point 
of  view,  it  becasms  necessary  to  transform  the  graphic  data  into  a  live 
format;  that  is,  to  transform  the  traces  into  electrical  analogs.  Recent 
developments  in  oscillogram  reading  equipment  have  made  this  possible. 

The  equipment  Illustrated  transforms  the  oscillograph  trace  into  voltage 
levels  which  are  In  turn  recorded  on  a  digital  magnetic  tape  system.  The 
final  data  format  of  this  conversion  process  is  a  digital  presentation  of 
the  original  analog  oscillograph  trace  on  magnetic  tape.  This  format 
lends  Itself  to  a  number  of  methods  for  further  processing.  One  of  the 
most  useful  is  its  use  in  conjunction  with  a  shock  spectrum  analyzer.  If 
the  tape  is  properly  formatlzed,  it  can  also  be  Interfaced  directly  with 
present-day  computers.  Punched  card  or  tape  is  still  another  application 
for  further  analysis. 
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OSCILLOGRAM  RECORDS:  Oscillograns  are  still  widely  used  as  permanent 
records  of  shock  and  vibration  phenomena. 
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APPLICATION  OF  AMFLITODE  SPECTRUM  ANALYSIS  EQUIPMENT 


A  significant  portion  of  shock  and  vibration  test  data  analysis  can  be  performed 
with  relatively  simple,  yet  reliable,  amplitude  spectrum  analysis  equipment  and 
techniques. _ 


Analyzing  data  in  which  the  signals  are  essentially  sine  waves,  presents 
no  real  problem.  Analyzers  for  determining  signal  amplitude  and  phase 
(vector  representation)  are  readily  available  and  perform  this  function 
satisfactorily.  Hie  plot  of  such  a  vector  is  referred  to  as  a  Hyquist 
diagram.  When  amplitudes  are  plotted  against  frequency  on  a  separate 
chart,  the  familiar  Bode  charts  are  used.  However,  analysis  becomes  more 
complicated  when  signals  are  not  repetitive,  or  are  somewhat  noise-like, 
and  their  inter-relationships  more  involved. 

Most  Mechanical  Engineers  prefer  the  power  type  over  the  amplitude  type 
spectrum  analyzer.  The  accuracy  of  the  indications  of  a  typical  power 
spectrum  analyzer  depends  greatly  on  the  amount  of  time  spent  on  the 
analysis  and  on  the  bandwidth  of  the  filter  used.  For  example,  the  use 
of  a  narrowband  filter  implies  an  analysis  limited  to  part  of  the  spec¬ 
trum,  requiring  less  time  to  accomplish,  but  with  a  net  result  of  lower 
confidence. 

A  common  system  of  filtering  employed  in  the  analysis  of  a  spectrum  uses 
a  set  of  comb  filters  which  operate  simultaneously  and  are  in  parallel 
with  the  data  signal.  Generally,  the  spacing  of  the  center  frequency  of 
each  of  the  comb  filters  is  one-third  of  an  octave  or  a  full  octave  apart. 
Each  filter  requires  a  separate  detector;  thus,  the  parallel  outputs  that 
are  provided  require  the  use  of  multi -channel  recorders  for  output 
communication. 

Another  commonly  used  analyzer  employs  a  single  filter  in  a  heterodyne 
system.  In  this  system,  the  data  input  signal  beats  with  a  local  oscil¬ 
lator  signal,  and  a  resultant  sum  or  difference  signal  is  fed  to  the 
filter.  The  advantage  of  this  system  over  the  type  previously  discussed 
is  that  a  single  filter  of  exceptionally  good  characteristics  may  be 
used,  thereby  requiring  the  use  of  only  a  single  detector  or  recorder.  , 
With  a  pair  of  such  analyzers,  transmissibility  ratios  which  so  often  have 
to  be  plotted  from  typical  vibration  and  shock  data  can  easily  be  derived. 
Also,  scalar  ratios  of  the  output  spectrum  versus  the  input  spectrum  can 
be  plotted  as  a  function  of  frequency,  where  the  input  spectrum  could  be 
that  derived  from  an  accelerometer  at  the  base  of  the  equipment  under 
test;  the  second  channel  could  be  any  one  of  several  accelerometers 
located  within  the  equipment  structure.  The  results  can  be  used  for  auto¬ 
matically  analyzing  resonances  and  losses  in  mechanical  structural  integ¬ 
rity.  The  final  data  format  of  this  type  of  data  reduction  will  usually  be 
represented  by  an  acceleration-squared  versus  frequency  plot  such  as  the 
one  illustrated.  This  plot  provides  the  Mechanical  Design  Engineer  with 
data  presented  in  engineering  units  useful  for  practical  application. 
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TYPICAL  TRACKING/X-Y  PLOTTER  SYSTEM 


Filtered  Signal 

/ 


Data 

Input 


FEATURES: 

•  Provides  Power  Spectral  Density  Plots 

•  Can  Be  Reconfigured  to  Show  Frequency  Distribution 

•  Determines  Phase  and  Amplitudes  of  Periodic  Motion  Data 

•  Similar  Systems  are  Available  for  Analysis  of  Non-Periodic 
(Non-Stationary )  Data 


TRACKING  SYSTEM:  Now  data  from  a  dynamic  test  can  be  input  into  a 
tracking  complex  to  provide  a  graphical  plot  of  power  spectral  density. 
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GLOSSARY 


Accelggram  -  A  pictorial  plot  shoving  acceleration  levels  versus  time  which 
a  test  specimen  experiences  as  a  result  of  an  input  excitation. 

Accuracy  -  The  capability  of  an  Instrument  to  follow  the  true  value  at  a 
given  phenomenon.  Often  confused  with  "inaccuracy",  which  is  the  departure 
from  the  true  value  into  which  all  cases  of  error  are  lumped  -  including 
hysteresis,  nonlinearity,  drift  and  temperature  effect. 

Amplitude  -  The  asgnitude  of  variation  in  a  changing  quantity  from  its  tero 
value.  The  word  aust  be  modified  with  an  adjective  such  as  "peak", 
"R.M.S.",  or  "maxima"  which  designates  the  specific  amplitude  in  question. 

Amplitude  Response  -  The  maximum  output  amplitude  obtainable  at  various 
points  over  the  frequency  range  of  an  instrument  operating  under  rated 
conditions . 

Analog  -  An  adjective  which  has  come  to  mean  continuous,  cursive,  or  having 
an  infinite  number  of  connected  points.  The  instrumentation  Industry  uses 
the  words  analog  and  digital  where  the  more  precise  language  would  be  con¬ 
tinuous  and  discrete. 

Attenuation  -  Reduction  or  division  ox  signal  amplitude  while  retain  1  yj  the 
characteristic  waveform.  It  implies  deliberately  throwing  away  or  discard¬ 
ing  a  part  of  the  signal  energy  for  the  sake  of  reduced  amplitude. 

Bandwidth  -  The  range  of  frequencies  over  which  a  given  device  la  designed 
to  operate  within  specified  limits. 

Calibration  -  The  process  of  comparing  a  set  of  discrete  magnitudes  or  the 
characteristic  curve  of  a  continuously  varyiig  magnitude  with  (mother  set 
or  curve  previously  established  as  a  standard.  Primary  calibration  is  a 
calibration  procedure  in  which  the  instrument  output  is  observed  and 
recorded  while  input  stimulus  is  applied  under  precise  conditions,  usually 
from  a  primary  external  standard  traceable  directly  to  the  U.  S.  Bureau  of 
Standards.  Deviation  of  indicated  values  from  their  correction  (or  cali¬ 
bration)  curve  for  Inferring  true  magnitude  from  indicated  magnitude. 

Calibration  Curve  •  The  path  or  locus  of  a  point  which  moves  so  that  its 
coordinates  on  a  graph  are  corresponding  values  of  input  signals  and  output 
deflections.  Also  the  plot  of  error  versus  input  (or  output). 

Distortion  -  An  unwanted  change  in  waveform.  Principal  forms  of  distortion 
are  Inherent  nonlinearity  of  the  device,  nominlform  response  at  different 
frequencies,  and  lack  of  constant  proportionality  between  phase-shift  and 
frequency.  (A  wanted  change  would  be  called  modulation.) 

Electromagnetic  -  Pertaining  to  the  mutually  perpendicular  electric  and  mag¬ 
netic  fields  associated  with  the  movement  of  electrons  through  conductors, 
as  in  an  elect  ranagnet . 

Feedback  -  In  a  control  system,  a  short  form  of  the  expression  "closed  loop 
feedback  control."  In  such  a  system,  either  the  forward  or  the  feedback 
path  Includes  an  active  sensor  whose  output  is  mixed  with  incoming  signal. 
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Thue,  the  system  "throughput”  le  always  the  sun  of  sensor  output  and  raw 
incoming  signal.  This  throughput  Is  sometimes  called  an  error  signal, 
which  enables  the  systen  to  govern  its  own  behavior.  In  an  amplifier, 
the  return  of  a  portion  of  the  output  free  any  stage  to  the  input  of  that 
stage  or  of  a  preceding  stage. 

Frequency  *  The  number  of  tines  that  a  periodic  function  repeats  the'  same 
sequence  of  values  during  a  unit  variation  of  tine.  The  unit  is  the  cycle- 
per-second  which  equals  one  Hertz  (Hz). 

Frequency  Response  -  The  portion  of  the  frequency  spectrum  which  can  be 
passed  by  a  device  as  it  produces  an  output  within  specified  Holts  of 
amplitude  error. 

Impedance  -  An  indication  of  the  total  opposition  that  a  circuit  or  device 
offers  to  the  flow  of  alternating  current  at  a  particular  frequency.  A 
combination  of  resistance  R  and  reactance  X  at  a  designated  frequency  (all 
expressed  in  ohms):  9  9  1 

I Z |  *  (R*  ♦  k  )  * 

Linearity  *  The  ''straight-lineness"  of  the  transfer  curve  relating  an 
input  to  output;  that  condition  prevailing  when  output  is  directly  propor¬ 
tional  to  input. 

Noise  -  Any  unwanted  electrical  disturbance  or  spurious  signal  which 
modifies  the  transmission,  measurement,  or  recording  of  desired  data. 

Piezoelectric  -  The  interaction  between  the  electric  charge  and  the  defor¬ 
mation  of  certain  asymnetric  crystals  having  piezoelectric  qualities. 
Piezoelectric  transducers  subjected  to  excitation  give  out  an  electric 
current  proportional  to  the  severity  of  excitation. 

Reluctance  -  The  opposition  offered  by  a  magnetic  substance  to  magnetic 
flux;  specifically,  the  ratio  of  the  magnetic  potential  difference  to  the 
corresponding  flux. 

Repeatability  -  The  maximum  deviation  from  the  mean  of  corresponding  data 
points  taken  from  repeated  tests  under  identical  conditions.  Also,  the 
maximum  difference  In  output  for  any  given  Identically  repeated  stimulus 
with  no  change  in  other  test  conditions.  Also,  the  maximum  difference  in 
output  for  any  given  Identically  repeated  stimulus  with  no  change  in  other 
test  conditions. 

Response  -  The  motion  (or  other  output)  of  a  system  or  device  resulting 
from  an  excitation. 

Rolloff  -  The  condition  (and  its  magnitude)  which  describes  an  intentional 
or  desired  attenuation  at  frequencies  above  (or  below)  a  certain  point. 
Thus,  a  low-pass  filter  is  designed  to  provide  rolloff  at  high  frequencies, 
and  a  high  pass  filter  is  designed  to  provide  rolloff  at  low  frequencies. 
Camnonly  rated  in  db  per  octave.  Unintentional  rolloff  is  more  properly 
called  decay. 

Scale  Factor  -  The  amount  by  which  a  quantity  being  measured  must  change 
in  order  to  produce  unit  pen  deflection.  Also,  the  ratio  of  real  to  analog 
values . 
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Sensitivity  -  The  property  of  an  instrument  which  determines  scale  factor. 
As  cotanonly  used,  the  word  Is  often  short  for  "maximum  sensitivity",  or 
the  minimum  scale  factor  with  which  an  instrument  is  capable  of  responding. 

Stroboscope  -  An  instrument  consisting  of  a  light  source  which  blinks  off 
and  on  at  a  desired  frequency.  Permits  visual  slow  motion  observation  of 
maximum  tent  specimen  deflections  caused  from  an  input  vibration. 

Transducer  -  A  device  for  translating  faithfully  the  changing  magnitude  of 
one  kind  of  quantity  into  corresponding  changes  of  another  kind  of  quantity. 
A  dynamic  transducer  translates  a  shock  pulse  into  an  electric  current 
output . 
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TYPICAL  DYNAMIC  TRANSDUCERS 


T\  *  PIEZOELECTRIC  ACCELEROMETER 
(Crv  actional  View,  Typical  for 
Cooi  ■»  Type  Design) 


TYPICAL  VELOCITY  VIBRATION  PICK-UP 
(Permanent  Moving  Magnet  Principle) 
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DATA  RECORDING  BY  OSCILLOSCOPE 


Dry  Cell 


A  TYPICAL  SCOPE/CAMERA  COMBINATION 
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CHAPTER  8 
FRAGILITY 


ABSTRACT: 

The  concept  of  fragility  is  defined  and  its  application  to  the  design  of 
equipment  discussed.  The  methods  used  to  determine  fragility  are 
reviewed  and  the  application  of  the  various  methods  during  the  course  of 
a  design  development  outlined.  The  influence  of  failure  definition  and 
measurement  on  the  determination  of  equipment  fragility  by  test  is  dis¬ 
cussed.  The  influence  of  various  modes  of  failure  on  the  limiting 
fragility  surface  is  considered  and  the  possible  failures  considered  by 
type.  Cons!  erations  involved  in  the  use  of  high  strength,  light  weight 
structures  and  the  effects  on  failure  modes  are  presented.  Common  types 
of  electronic  equipment  failures  are  discussed  at  component,  sub-chassis, 
and  console  levels. 
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•  The  Use  of  the  Concept  of  Fragility  In  Electronic 
Equipment  Design 
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Section  1  —  introduction 

ms  an  or  td  ccksr  op  pmoxur  n  nacmonc  mumnr  obioh 


9m  definition  of  the  fragility  of  aa  electronic  equipesnt  la  a  requlrssant  for  tha 


In  predicting  the  probability  of  survival  far  an  electronic  equlpnset  in 
a  specific  dynamic  enrlrmeent,  uae  la  nade  of  the  concept  of  fragility. 
Fragility  la  a  aeasura  of  the  dynamic  excitation  that  an  eqalpseet  aee 
experience  with  a  50  percent  chance  of  eurrlval.  It  la  a  function  of 
both  the  freqtMncy  of  excitation  and  the  maber  of  atreae  eye  lea. 

Fragility  la  generally  expreeaed  aa  the  alienable  amplitude  of  an 
excitation  far  a  specific  frequency  and  given  duration.* 

Alternatively,  it  nay  be  epedflod  in  tarns  cf  acceleration,  frequency 
and  tine.  A  typical  fragility  eurface  la  ahovn  In  the  adjacent  figure. 

Fragility  require— nta  are  ecnetl— a  specified  by  a  two  dlnenaional  curve 
giving  alienable  anplltude  or  acceleration  aa  a  function  of  frequency. 

9m  aasunptlan  Is  that  In  theae  cases  tbs  fragility  Is  not  tins  dspendent. 
9m  tins  axis  intersections  of  ths  fragility  surface  are  therefore  straight 
lines  parallel  to  the  frequency-tine  plane,  then  tha  fragility  la  tine 
dependent,  the  value  to  be  used  In  selecting  or  specifying  ccnponcnta  or 
nseenblles  Is  the  value  corresponding  to  the  Intended  service  life  of 
the  equipment. 

When  design  criteria  are  to  be  specified  for  an  equlpnent  which  Is  not 
directly  exposed  to  the  eye  ten  external  dynenlc  envlroanant,  the  systen 
Inputs  nust  be  nodi  fled  by  appropriate  transfer  functions.  9m  survival 
probability  of  the  equlpnent  will  then  be  determined  by  a  comparison  of 
the  eyeten  input  tinea  the  transfer  function  to  the  fragility  of  the  unit 
under  consideration.  If  the  designer  knave  the  systen  level  dynamic  inputs 
and  the  transfer  functions  nodlfylng  the  inputs  for  a  given  unit  location, 
tha  required  fragility  of  the  unit  nay  then  be  stated  as  part  of  tha  unit 
specifications. 

Alternatively,  if  the  fragility  of  the  component  units  of  an  equipment 
and  tha  transfer  functions  for  the  unit  to  systen  Interfaces  are  known, 
the  fragility  surfaces  far  the  equlpnent  nay  be  defined  In  terns  of 
allowable  Input.  9m  equlpnent  fragility  surface  will  be  nade  up  of  the 
mini  nun  value  envelope  of  the  unit  fragility  curves  divided  by  their 
respective  transfer  functions.  Comparison  of  the  equlpsMnt  fragility 
surface  with  the  system  dynamic  environment  specification  will  then  show 
where  alteration  of  either  component  fragility  or  transfer  function  Is 
necessary. 


♦This  definition  is  an  expansion  of  the  simplified  fragility  concept 
Introduced  in  Volts*  H.  The  concept  used  there  ass—es  that  failure 
will  occur  at  ths  fragility  surface;  no  statistics  are  employed  to 
explain  the  distribution  of  test  values  staut  the  failure  surface. 
This  distribution  Is  similar  to  the  scatter  encountered  In  the  S-M 
fatigue  curve,  discussed  in  Chapter  5. 

glnllarliy,  other  factors  which  nay  Influence  the  fragility  surface 
(such  aa  tha  maber  of  stress  Iterations,  as  illustrated)  are  also 
Ignored  for  slnplldty  In  the  analytical  procedures  outlined  In 
VoIum  n. 
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The  permissible  values  of  the  transfer  functions  will  Influence  the 
aechanical  design  of  the  equipment  in  such  areas  as  material  selection, 
location  and  type  of  fSsteners,  and  resonance  polr.cs  of  the  structure. 
Modification  of  the  effective  fragility  of  a  particular  area  in  an  equip¬ 
ment  by  structural  changes  which  affect  the  transfer  function  to  the  area 
vi  11  frequently  be  required  in  improvement  of  existing  equipment  in  order 
to  eliminate  excessive  failure  rates  in  sub-units.  The  effective  fragility 
in  an  area  may  be  altered  through  the  use  of  dynamic  attenuators.  The  use 
of  fragility  in  the  selection  of  attenuators  is  discussed  in  detail  in 
Chapter  8  of  this  volume. 

A  primary  advantage  to  be  gained  by  the  specification  of  component  or 
sub -assembly  requirements  in  terms  of  the  actual  fragility  required  lies 
in  the  possibility  of  reducing  the  severity  of  the  environmental  require¬ 
ments.  Components  of  an  assembly  which  will  be  subjected  to  severe 
dynamic  environments  may  not  be  required  to  survive  the  assembly  level 
environmental  extremes .  If  the  transfer  function  from  the  assembly  to 
the  component  interface  is  low,  (for  those  frequencies  at  which  the  com¬ 
ponent  has  low  fragility)  the  component  requirements  will  be  reduced. 


THE  FRAGILITY  ENVELOPE:  A  description  of  the  acceleration  response 
limits  within  which  the  equipment  element  has  a  50  percent  probability 
of  survival.  Beyond  this  surface,  the  element  will  experience  failure 
50  percent  of  the  time. 
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Is  defining  the  fragility  of  n  maily  by  either  ecopiate  or  partial 
aasaatly  testing,  decides—  wart  be  wade  as  to  the  definition  of  a 
failure  sad  tbs  methods  to  be  used  for  failure  detection.  Groat  stroc- 
tasad  Allures  6a*  to  ovar-etmssi&g  or  fatigue  are  generally  easy  to 
define  and  to  detect.  Operational  Allans  or  valfunctiana  am  am 
ftffMLl  to  daflns,  particularly  in  test  of  partial  assemblies  share 
latOpJurtr  dapUkStloc  of  Interface  conditions  nay  be  lafOSTible.  In 
partial  aaaimfety  tenting  a  critleal  question  involved  in  Interpretation 
of  the  tact  dab a  la  the  accuracy  of  the  tmnsfer  functions  used  to  dster- 
adne  the  dynamic  Input  to  tbs  equip— nt  under  test,  fragility  levels 
determined  far  an  inaccurate  nodal  of  ths  local  sxrrtrones&t  are  of  little 
atlas  due  to  tbe  Inportaaos  of  Inputs  at  specific  frequencies  on  the  per- 
fwwawna  of  tba  equlpseat  .  hbenewnr  possible  tbs  dy—Le  Inputs  at  loser 
asaaafely  Ismli  should  be  determined  by  dmny  Inert lag  of  tbe  higher  level 
stmc turn  ant  recording  tike  shoot  sad  vibration  spectral  data  in-sltu. 
Malfunctions  stdeh  am  a  wait  at  inappropriate  dyissric  test  Inputs  nay 
ast  be  considered  as  failums  tor  fragility  determination. 


Many  of  tba  abosfc  and  vibration  testa  daflnad  in  military  specifications 
%»  acceptance  boats  for  equlpseat  am  noe-epemtlog  tests.  That  Is,  tbs 
spilpmct  la  tihanteart  far  slsctrloul  perfaraaocs,  expo— I  to  tbs  specified 
flytWMLn  s— rtrsnwmit  la  aoa-opamtiog  ocnflgumtion,  and  than  re -energised 
for  strftflaatien  at  electrical  opeiation.  Ibis  type  at  test  will  net 
meal  splpast  weaknesses  shleh  involve  transient  failure  nodes.  An 
enwils  of  a  ees—oc  type  of  electrical  failure  which  will  not  be  exposed 
by  this  type  at  test  is  tbs  shorting  of  adjacent  electrical  conductors 
das  to  transient  action  in  n  shock  or  vibration  environment.  The  testing 
mead  to  Aetendae  fragility  level  of  an  equipment  sill  aom  usually  be 
davelopasoWb  seal  test  I  eg  rather  tu  sdJUtsry  acceptance  tests;  how¬ 
ever,  tbe  functions  aouitomd  In  nay  anas  wist  be  capable  of  exposing  all 
failure  nodes,  the  west  mil  able  data  mill  be  developed  tram  the  dynsnic 
testing  of  enapilete  aeseWbliee  or  ayel—  in  operational  configuration 
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THE  DETERMINATION  OF  FRAGILITY  IN  EQUIPMEIT  DESIGN 


The  method  used  to  determine  the  fragility  of  an  equipment  design  will  vary  during 
the  course  of  the  design  effort. 


The  concept  of  fragility  is  certainly  of  value  to  the  equipment  designer. 
The  information  necessary  for  its  application  however,  is  usually  diffi¬ 
cult  to  obtain.  The  methods  that  are  used  to  determine  the  fragility 
surface  for  an  equipment  include  the  following:  dynamic  testing  of  the 
complete  equipment,  testing  of  partial  assemblies  with  simulation  of 
interface  conditions,  mathematical  analysis  of  the  structure,  and  esti¬ 
mates  based  on  the  personal  experience  of  the  designer. 

Testing  of  the  entire  equipment  is  the  most  accurate  method  available  but 
also  the  most  expensive  and  time  consuming.  In  order  for  an  equipment  to 
be  tested  it  must  first  be  built.  Correction  'T  any  design  deficiencies 
revealed  by  the  test  program  will  therefore  involve  redesign  and  modifi¬ 
cation  of  the  equipment.  The  ideal  procedure  to  be  used  for  determination 
of  the  equipment  fragility  should  allow  an  initial  design  which  will 
require  a  minimum  of  redesign. 

The  most  efficient  determination  of  equipment  I ragility  will  involve  all 
of  the  methods  listed  above,  as  indicated  in  the  figure  in  reverse  order. 
That  is,  conceptual  design  decisions  involving  fragility  are  initially 
based  on  the  designer's  personal  experience.  The  conceptual  design  will 
then  be  reviewed,  inalysis  conducted  in  any  questionable  areas  anr  resul¬ 
tant  design  changes  incorporated.  As  the  development  of  the  equipment 
progresses,  tests  of  partial  assemblies  will  be  conducted.  Finally  the 
prototype  equipment  will  be  verified  by  complete  assembly  testing. 

The  earlier  fragility  it  terminations  provided  by  this  sequence  will  be 
less  accurate  than  the  uata  taken  from  the  final  equipment  test.  The 
initial  estimates  however,  should  be  sufficiently  accurate  to  permit 
identification  of  critical  areas  and  prediction  of  required  fragility 
levels  for  sub-assemblies. 

Both  the  final  equipment  testing  and  the  testing  of  partial  assemblies 
involve  the  simulation  of  the  dynamic  inputs  that  the  unit  under  test 
will  6ee  at  its  interfaces  during  actual  use  conditions.  For  equipment 
level  tests,  these  dynamic  inputs  will  generally  be  defined  by  an  appro¬ 
priate  Quality  Assurance  test  s’^ecification .  For  partial  assembly  tests 
and  undefined  equipment  tests  tne  interface  inputs  must  be  determined 
from  field  data  or  analysis. 

After  the  actual  dynamic  inputs  that  the  equipment  will  see  in  service  or 
qualification  have  been  determined,  a  method  of  simulating  these  inputs  ir. 
the  laboratory  must  be  selected.  The  subject  of  dynamic  simulation  is 
discussed  in  detail  in  another  chapter  of  this  volume.  The  dynamic 
inputs  U6ed  in  test  may  consist  of  sinusoidal  or  random  vibration  or  may 
involve  various  shocks.  The  most  commonly  used  excitation  is  sinusoidal 
vibration  as  the  information  resulting  from  this  dynamic  input  is  the 
easiest  to  evaluate  while  still  yielding  adequate  information.  An  advan¬ 
tage  of  equipment  level  tests  is  that  not  only  the  fragility  of  the 
specimen  but  also  the  structural  transfer  functions  may  be  determined. 
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FRAGILITY  DETERMINATION:  Fragility  values  for  equipment  elements  are 
usually  determined  by  a  combination  of  experience,  analysis,  and  tests. 
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SECTION  3  -  MODES  OF  FAILURE 

•  Causes  and  Types  of  Failure 

•  Chassis  and  Console  Failures 

•  Assembly  Failures  at  Sub-Chassis  Level 

•  Failure  Modes  at  Component  Level 

•  The  Influence  of  Fracture  on  Equipment  Design 

•  Analysis  of  Service  Failures 
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Hie  shape  of  the  Halting  fragility  surface  Is  deteralned  by  a  nunber  of  different 
types  of  failure.  Mien  the  fragility  surface  Is  being  constructed  by  analysis  rather 
emplete  equlimcnt  test  all  possible  failure  aodes  aust  be  considered. 


In  constructing  the  fragility  surface  for  an  equipment  by  analytical 
methods,  the  effects  of  all  possible  failure  nodes  aust  be  considered. 

Hie  conn  on  types  of  failure  nodes  Include  the  following: 

first  Iteration  Failures:  First  Iteration  failures,  corresponding 
to  the  aero  tlae  Intersection  of  the  fragility  surface,  are  gener¬ 
ally  overload  failures  caused  by  excessive  stress  levels  in  sc ae 
component  or  failures  due  to  excessive  deforsation.  Overload 
failures  will  be  Independent  of  frequency;  however,  failures  due  to 
excessive  defamation  will  be  frequency  dependent.  First  Iteration 
failures  are  generally  associated  with  shock  loading. 

Failure  with  Repetition:  Many  of  the  failures  resulting  fran  both 
shock  and  vibration  envlroosents  can  be  attributed  to  fatigue  of 
aaterlals.  The  abode  spectra  presented  In  the  Dynamic  Simulation 
chapter  Illustrate  the  fact  that  shock  can  excite  vibration.  Shock 
Induced  vibration  any  exceed  the  angnitude  of  the  specified  vibration 
tests  for  an  equipment.  Both  shock  Induced  vibration  and  the  speci¬ 
fied  vibration  can  cause  fatigue  failures  if  the  accumulated  nunber 
of  Iterations  Is  greater  than  the  endurance  limit  far  a  part  of  the 
equipment.  The  allowable  acceleration  response  will  decrease  as  the 
total  nariber  of  Iterations  Increases. 

It  Is  possible  to  change  the  shape  of  the  fragility  surface  by  altering 
the  resonant  frequency  of  portions  of  the  structure  or  of  components. 

This  Is  Illustrated  In  the  figure  which  shows  test  data  for  several  sizes 
of  oapadtors  and  resistors.  Increasing  the  resonant  frequency  will 
generally  raise  the  equipment  fragility  by  decreasing  the  Internal  trans¬ 
fer  functions. 

Typical  fatigue  failures  ore  Illustrated  In  the  figure.  As  Indicated  In 
the  adjacent  figures,  the  fatigue  failure  points  are  those  of  high  stress 
concentration  -  areas  around  holes,  sharp  corners,  scratches,  and  similar 

stress  raisers. 
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CHASSIS  AND  CONSOIE  FAILURES 


While  the  possible  variation  in  designs  at  chassis  or  console  level  prohibits  failure 
mode  classification  by  assembly  type,  the  use  of  certain  general  design  guidelines  will 


Improve  the  ft 


of  the  units. 


Bie  majority  of  console  level  failures  observed  during  dynamic  testing  e  e 
caused  by  either  lack  of  stiffness  in  the  structure  or  areas  of  high  stress 
concentration . 

Shock  tends  to  cause  permanent  deformation  of  the  chassis  or  console 
structure  although,  according  to  M.  E.  Gurin,  some  deformation  may 
also  result  from  vibration  excitation.  Typical  structural  deformation 
resulting  from  a  shock  test  is  illustrated  at  the  right.  It  should  be 
noted  that  as  the  weight  of  the  components  increases,  the  importance  of 
their  location  increases.  If  the  designer  must  cantilever  a  chassis  off 
it's  front  panel,  heavy  components  should  be  placed  near  the  supported 
end.  This  raises  the  natural  frequency  of  the  assembly  and  thus  raises 
the  relative  height  of  the  fragility  surface.  Resonant  frequencies  can 
be  raised  in  chassis  panels  by  dimpling  the  panel.  (*0 

A  major  design  consideration  for  chassis  and  console  design  is  the 
natural  frequency  of  the  basic  structure.  The  natural  frequency  should 
be  outside  the  vibration  test  range,  preferably  outBide  on  the  high  end. 

If  it  is  not,  then  the  structure  is  not  only  subjected  to  unnessarily 
high  repeated  loadings  but  the  components  are  also  subjected  to  these 
high  loadings.  If  it  is  impossible  to  design  the  system  with  an  ade¬ 
quately  high  resonant  frequency,  then  this  should  be  compensated  for  by 
modifying  the  fragility  envelope  for  this  area. 


4  a 
*  ► 


8.3-2 


VOLUME  III  -  CHAPTER  8 
Section  3  —  Modes  of  Failure 


ASSEMBLY  FAILURES  AT  SUB-CHASSIS  I£VEL 


Failure  modes  of  some  sub-chassis  level  assemblies  may  be  considered  by  assembly  type. 


The  equipment  assembly  sub-divisions  considered  in  the  chapter  on  Dynamic 
Attenuation  are:  component,  sub-chassis,  chassis,  and  console  levels  of 
assembly.  Failure  modes  for  the  lowest  of  these,  component  level,  have 
been  discussed  in  the  previous  paragraph.  Failure  modes  for  the  next 
level  (sub-chassis),  like  the  component  level,  may  be  classified  by 
assembly  type  for  some  conmonly  used  sub-chassis  units.  Some  of  the 
failure  modes,  such  as  those  involving  wiring  and  fasteners,  will  be  the 
same  as  those  considered  at  the  component  level. 

Assemblies  that  might  be  considered  as  belonging  to  the  sub-chassis  level 
are  meters  and  Indicators.  The  U.S.  Naval  Research  laboratory  (7)  has 
investigated  the  operation  of  moving-coil  galvanometer  units,  bourdon  tube 
and  drive-type  synchro  units  either  in  various  dynamic  environments  and 
found  that,  in  the  most  cases,  the  indicator  needle  needed  either  bal¬ 
ancing  or  damping  for  satisfactory  operation  in  vibration  environments. 

The  bourdon  tube  and  synchro  indicators  had  same  erratic  performance  and 
zero  shift  difficulties.  The  " rugged i zed"  meters  that  are  on  the  market 
performed  quite  well. 

Other  assemblies  that  may  be  classified  as  a  sub -chassis  level  are. cable 
connectors.  In  general  they  have  a  very  high  damage  resistance.^') 

When  failure  does  occur  it  is  usually  due  to  loose  or  bent  pins.  These 
failures  occur  when  the  plastic  discs  separating  the  pins  become  worn 
allowing  excursion  of  the  pins.  Experience  has  shown  that  wires  which 
are  soldered  into  many -pin  connectors  are  difficult  to  inspect  and  are 
thus  prone  to  failure  as  a  result  of  either  cold  solder  Joints  or  insuf¬ 
ficient  solder.  Cables  of  this  type  are  very  difficult  to  trouble-shoot 
as  an  electrical  discontinuity  is  usually  intermittent. 
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SUB-CHASSIS  FAILURES:  Unsupported  electrical  wire  leads  are  partic¬ 
ularly  susceptible  to  failure  from  shock  and  vibration  excitations. 


8.3-5 


VOLUME  III  -  CHAPTER  8 
Section  3  —  Modes  of  Failure 


FAILURE  MODES  AT  COMPONENT  LEVEL 


Components  are  frequenty  tested  to  determine  their  fragility  and  failure  mode.  These 
tests  indicate  the  effect  of  orientation,  mounting  and  other  related  considerations. 


Many  types  of  components  have  undergone  extensive  testing  to  determine 
their  fragility  and  failure  modes.  Typical  failure  modes  for  various 
types  of  components  and  methods  of  increasing  the  critical  fragility  level 
are  discussed  belov: 

1.  Relays  are  prone  to  failure  to  hold  position  during  shock  and  to 
chatter  during  vibration.'3)  'nits  is  due  to  mechanical  problems 
such  as  Imbalance,  weak  springs,  weak  colls  or  flexible  arma¬ 
tures.  According  to  M.  E.  Gurin,^)  relays  withstand  vibration 
best  when  energized. 

2.  Capacitor  failures  are  due  mostly  to  low  resonant  frequency 
mounting  n  suits  in  a  fatigue  failure  of  the  electrical  leadB . 
This  failure  mode  is  also  cannon  in  resistors  and  similar  com¬ 
ponents  and  can  be  corrected  by  restraining  the  components  with, 
as  an  example,  a  conformal  coat  which  will  raise  the  resonant 
frequency  of  the  assembly. 

3.  The  vibration  resistance  of  potentiometers  may  be  increased  by 
either  reducing  the  mass  of  the  shaft  or  Increasing  the  shaft 
stiffness.  Either  change  decreases  the  transfer  function  of  the 
shaft  which  Increases  the  effective  level  of  critical  fragility. 
Potentiometers  are  least  susceptible  to  vibration  in  planes  per¬ 
pendicular  to  the  shaft  axis.™) 

4 .  Connector  wire  flexibility  is  detrimental  to  shock  and  vibration 
resistance  ao  it  increases  the  possibility  of  tearing  and 
fatiguing  of  the  wire  system.  Malfunctions  are  very  difficult 
to  locate.  Unsupported  leads  fatigue  most  rapidly.  Solid  con¬ 
ductor  wire  and  plastic  cable  clamps  are  not  usually  desirable; 
sufficient  slack  should  be  provided  to  allow  for  the  relative 
motion  of  subassemblies.  The  wire  should  be  looped  around  ter¬ 
minals  to  provide  mechanical  support  in  addition  to  the  solder. 

5.  Fasteners  (bolts  with  nuts  or  elastic  stop  nuts)  loosen  easily 
under  both  shock  and  vibration.(3)  in  addition  most  fasteners 
are  susceptible  to  fracture  or  bending.  In  aesign  review, 
fasteners  should  be  checked  to  insure  that  their  selection  is 
based  on  the  dynamic  environment  and  required,  fragility  rather 
than  on  static  loading. 

The  application  of  components  should  always  be  reviewed  in  light  of  the 
test  and  operating  environments.  Components  having  low  values  of  criti¬ 
cal  fragility,  such  as  cathode  ray  tubes,  should  be  isolated  from  the 
dynamic  environment.  The  use  of  friction  fits  or  spring  clips  for  the 
retention  of  components  should  be  avoided  in  high  shock  environments,  as 
should  the  use  of  electrical  connectors  for  mechanical  retention  of 
tubes  or  circuit  boards. 
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THE  INFLUENCE  OF  ERACTURE  ON  EQUIPMENT  DESIGN 


In  design  involving  highly  stressed,  high  strength  materials,  elementary  stress 
analysis  methods  will  not  accurately  predict  failure. _ 


In  designing  structures  that  are  not  highly  stressed,  the  normal  design 
procedure  consists  of  selecting  sections  and  materials  such  that  the 
yield  strength  of  the  material  is  not  exceeded.  If  local  stress  raisers 
such  as  holes,  bosses,  or  small  flaws  in  the  material  exist,  it  is 
assumed  that  local  yielding  will  permit  plastic  deformation  to  redistri¬ 
bute  the  concentrated  stress.  When  high  strength  materials  are  used  this 
assumption  may  not  be  valid.  The  stress  concentration  may  cause  propa¬ 
gation  of  the  flaws  and  result  in  failure  of  the  structu'-e  at  stress 
levels  considerably  below  the  predicted  yield  point.  Use  of  stress  con¬ 
centration  factors  to  account  for  the  local  conditions  is  of  little  use 
if  the  design  is  to  efficiently  utilize  the  strength  of  the  materials-. 
This  is  due  to  the  fact  that  the  stress  concentration  factor  is  a  geo¬ 
metric  correction  which  does  not  take  into  account  the  fracture  resis¬ 
tance  of  the  materials.  If  this  material  property  is  to  be  considered 
in  an  attempt  to  insure  efficient  design,  a  new  parameter,  the  stress 
intensity  factory,  must  be  used.  The  stress  intensity  factory  is  a 
measure  of  a  materials  resistance  to  unstable  crack  propagation.  It  is 
independent  of  the  gearae^rv  of  either  the  flaw  or  the  part  and  of  the 
method  of  loading. 

Development  of  the  stress  intensity  factor  is  based  on  the  assumption 
that  a  crack  of  less  than  some  particular  size  exists  in  the  material. 

The  size  is  determined  by  the  inspection  procedure.  If  the  inspection 
method  used  can  detect  flaws  larger  than  a  specific  size,  cracks  r>.  just 
less  than  the  detectable  size  are  assumed  to  exist  in  tht  material.  The 
stress  intensity  at  the  crack  tip  is  proportional  to  a  scalar  quantity 
which  is  designated  as  the  stress-intensity  factor  K.  An  unstable  frac¬ 
ture  is  assumed  to  occur  when  the  stress  intensity  factor  is  greater  than 
a  critical  value  called  the  fracture  toughness.  When  crack  geometry  and 
applied  6tress  are  known,  K  is  determined  from  the  equations  given  in 
the  table  at  the  right. 

Fracture  toughness  (Kq)  is  a  mechanical  property  that  places  an  upper 
limit  on  the  value  of  K.  The  fracture  toughness  is  established  by  test, 
using  specimen  types,  procedures,  and  data  analysis  methods,  which 
result  in  a  factor  which  is  independent  of  crack  and  specimen  geometry 
and  external  loading.  Reference  (8)  goes  into  some  detail  concerning  the 
determination  of  Kg.  It  is  known  that  fracture  toughness  varies  with 
specimen  thickness;  zhe  thicker  the  specimen,  the  lower  the  toughness  and 
thus  the  lowest  value  (minimum  intrinsic  fracture  toughness)  is  designated 
as  Kjq.  In  practical  situations,  the  critical  toughness  is  not  expected 
to  be  "lower  than  the  intrinsic  critical  value  and  hence  the  latter  is  the 
basic  index  of  crack  toughness. 
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Basic  Form  of  Stress  Intensity  Factor 

K2  =  Q  a  2  ir  a 
where  <r  =  stress 

a  =  crack  radius  for  circular  cracks 

or  a  =  length  of  semiminor  axis  for 
elliptical  cracks 

and  Q  is  a  function  of  the  geometry. 

Q  =  1  for  through  crack  in  infinite  plate 

k 

Q  =  —r  for  internal  circular  crack 

Q  =  ~  for  internal  elliptical  crack 
<t> d 

Q  =  1.2  for  long  shallow  surface  crack 

2 

Q  =  1.2  $  for  elliptical  surface  crack ( 


where  <t>  = 


1 V1-^) Ei!^ 


c  =  length  of  semimajor  axis  of  ellipse. 


STRESS  INTENSITY  FACTOR:  A  design  parameter  reflecting  a  material's 
resistance  to  unstable  crack  propagation  may  be  calculated. 
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THE  INFLUENCE  OF  FRACTURE  ON  EQUIPMENT  DESIGN  (Continued) 


For  thin  sections,  the  strain  in  the  thickness  direetioi  is  unsuppressed 
and  as  a  result  considerable  plastic  flow  is  associated  with  the  cracking 
phenomena  especially  for  ductile  materials.  Since  considerable  plastic 
flow  occurs,  linear  elastic  fracture  mechanics  is  not  applicable  and  can¬ 
not  be  used.  Although  experimentation  is  being  carried  on  in  this  area, 
and  mathematical  modeling  is  being  worked  on,  most  of  the  present  effort 
is  directed  towards  the  more  needed  and  more  easily  interpreted  plane- 
strain  fracture  such  as  is  experienced  with  thicker  sections  of  ductile 
material,  or  more  importantly,  thin  sections  of  brittle  material. 

Although  the  field  is  relatively  new  some  progress  has  beer  made  in 
relating  behavior  of  test  specimens  to  the  design  of  structural  parts. 

Test  specimens  are  used  which  contain  a  sharp  crack  which  is  induced  by 
crack  starters  subject  to  fatigue  loading.  The  crack  starter  may  be  in 
form  of  a  sharp  notch  as  a  prime  example.  The  crack  is  extended  suffici¬ 
ently  so  that  the  particular  geometry  of  the  starter  crack  does  not 
influence  the  stress  field  at  the  crack  tip.  Reference  ( 8  )  in  the 
Appendix  brings  out  the  importance  of  the  effect  of  the  maximum  fatigue 
stress  used  in  fatigue  cracked  specimens  as  related  to  the  "sharpness" 
of  the  induced  crack.  The  "sharpness"  being  an  important  consideration 
in  the  determination  of  the  fracture  toughness  (Kjq)  obtained  through 
testing  specimens.  The  reference  indicates  that  fatigue  cracks  should 
be  induced  at  the  lowest  possible  level  of  stress. 

The  size  of  the  specimen  also  is  an  important  consideration.  The  accuracy 
with  which  the  experimentally  determined  (Kjc)  describes  fracture  behavior 
depends  on  how  closely  the  stress  intensity  factor  represents  the  condi¬ 
tions  of  stress  and  strain  inside  the  fracture  phenomena  region.  Practi¬ 
cally,  if  the  plastic  region  at  the  crack  front  is  small  with  respect  to 
the  region  around  the  crack  for  which  the  stress  intensity  factor  is  a 
good  approximation,  then  the  accuracy  of  the  experimentally  obtained  (Kjq) 
is  sufficient.  The  present  state-of-the-art  suggests  that  the  character¬ 
istic  parameter  of  the  plastic  region  useful  in  choosing  minimum  character¬ 
istic  specimen  dimensions  is  the  square  of  the  ratio  of  (Kjc)  to  tensile 
yield  strength.  Recent  tests  suggest  that  2.5  times  this  characteristic 
parameter  is  satisfactory  for  minimum  characteristic  specimen  dimensions. 
The  characteristic  dimensions  are  specimen  thickness,  crack  length,  and 
uncracked  length. 


The  top  two  figures  on  the  opposite  page  show  a  tensile  specimen  and  a 
bend  specimen.  The  details  of  the  starter  cracks  are  not  shown.  As  ar. 
example,  if  a  material  which  is  to  be  used  in  simple  tending  has  a  (Kjq) 
of  16G  ksi/in.^  and  a  yield  strength  of  180  1  ii  then  the  width  of  the 
specimen  should  be  2.5  x  (l6o/l80)r  a-  2  inches  with  the  crack  length  equal 
to  2  inches  and  the  uncracked  length  ejuni  to  another  inches. 


To  determine  specimen  dimensions  for  a  tic,  material,  it  is  necessary  to 
have  an  indication  of  the  highest  (Kxc/0’yii)  that  the  material  is  likely 
to  exhibit.  The  bottom  figure  may  be  used  tor  this  purpose.  It  repre¬ 
sents  a  plot  for  steels  but  the  reference  claims  that  all  non-ferrous 
results  known  to  the  author  fall  withir  the  indicated  region.  More 
detailed  information  on  testing  is  wi ven  in  the  reference. 
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ANALYSIS  OF  SERVICE  FAILURES 


Identification  of  common  modes  of  material  failure  by  their  characteristic  appearance 
will  aid  in  elimination  of  the  failure  cause. _ 


In  examining  failed  equipment  in  order  to  determine  the  cause  of  failure, 
characteristic  symptoms  of  various  failure  modes  should  be  carefully  checked. 
Service  failures  which  occur  after  considerable  exposure  to  operating 
environments  will  involve  a  greater  variety  of  failure  modes  than  veri¬ 
fication  test  failures  which  occur  in  the  laboratory.  General  causes  of 
failure  which  should  be  considered  in  the  examination  of  equipment 
include  the  following: 

Wear 

Overload 

Corrosion  and  Stress  Corrosion  Cracking 
Heat  Treatment  and  Phase  Change  Failures 
Quench  Cracking 
Transformation  Stress  Failures 
Flaking 

Hydrogen  Embrittlement 

Wear:  Failures  due  to  wear  of  operating  parts  are  among  the  most  easily 
recognized  types  of  failure  due  to  the  dimensional  changes  involved. 

Wear  failures  which  occur  before  the  design  obsolesence-  point  will  gener¬ 
ally  be  due  to  overloads  or  lubrication  failure. 

Overload:  Service  failures  which  occur  after  successful  completion  of 
design  verification  testing  of  a  prototype  system  should  be  examined  for 
evidence  of  improper  use  of  materials  or  material  treatments  or  of 
operator  error. 

Corrosion:  Failures  due  to  corrosion  may  be  difficult  to  identify  with¬ 
out  laboratory  analysis.  Stress  corrosion  cracking  is  a  brittle  type  of 
failure  even  in  normally  ductile  materials;  little  or  no  plastic  defor¬ 
mation  accompanies  the  cracking.  Visual  evidence  of  corrosion  may  not 
be  apparent  without  microscopic  examination  which  will  reveal  grain 
boundary  attack.  Corrosion  failures  may  be  minimized  by  the  use  of 
protective  coatings. 

Quench  Crack Ir^,:  Quench  cracking  is  caused  by  the  austenite  to  marten¬ 
site  transformation  which  involves  an  increase  in  volume.  Recognizable 
characteristics  of  quench  cracks  include  the  fact  that  the  cracks  run 
from  the  surface  straight  into  the  center  of  mass.  No  decarburization 
will  be  evidenced,  the  fracture  surface  will  show  a  fine  crystalline 
texture.  Quench  cracking  can  be  reduced  by  elimination  of  design  stress 
raisers  and  proper  process  control  in  heat  treatment. 

Transformation  Stress  Failures:  Quench  cracking  is  one  type  of  trans¬ 
formation  stress  failure,  that  is,  material  failures  caused  by  a  change  in 
physical  properties  due  to  a  phase  change.  Other  transformation  stress 
failures  involve  the  austenite  to  pearlite  transformation  in  steels. 
Characteristics  of  the  failures  are  similar  to  those  described  for  quench 
cracks. 
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Flaking;  Flakes  are  small  internal  fissures  found  in  heavy  rections  after 
forging.  They  are  not  visible  from  the  surface  of  the  material  and  there¬ 
fore  require  specialized  testing  methods  for  location.  H>e  term  flake 
comes  from  the  appearance  of  the  fracture  surface  which  has  a  glistening 
appearance  similar  to  snowflakes.  Flaking  is  an  internal  form  of  quench 
crack.  Hie  occurrence  of  flaking  can  be  reduced  by  the  same  procedures 
recommended  for  the  avoidance  of  quench  cracks. 

Hydrogen  Qnbrlttlement :  Hie  presence  of  relatively  small  quantities  of 
hydrogen  in  some  metals  will  cause  a  major  reduction  in  ductility. 

Elastic  behavior  of  the  material  usually  will  not  be  greatly  affected,  the 
embrittling  effects  are  limited  to  the  plastic  region  of  the  stress-strain 
diagram.  Fractures  due  to  hydrogen  embrittlement  will  usually  show  bright 
round  spots  known  as  "fish  eyes"  on  the  fracture  surfaces. 

Probable  causes  of  hydrogen  embrittlement  include  welding  and  plating 
processes. 


Wear 

Jverload 

Corrosion  and  Stress  Corrosion  Cracking 
Heat  Treatment  and  Phase  Change  Failures 
Quench  Cracking 

Transformation  Stress  Failures 
Flaking 

Hydrogen  Embrittlement 


COMMON  SERVICE  FAILURES:  Reduction  and  elimination  of  service  failures 
may  be  accomplished  by  careful  examination  of  the  failure  mode. 
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ele  -  The  complete  sequence  of  values  of  a  periodic  quantity  that  occur 
during  a  period. 

Ixcursion  -  The  excursion  of  a  harmonic  vibration  is  double  the  amplitude 
or  peak  to  peak  magnitud.  of  displacement. 

Fa i lure  -  An  irreversible  process  of  operation  outside  of  specified 
tolerances.  Upon  removal  of  the  environmental  load,  the  equipment 
remains  inoperative  or  out  of  tolerance. 

Fatierue  -  Tendency  of  materials  to  fracture  under  many  repetitions  of  a 
stress  considerably  less  *han  the  ultimate  static  strength. 

Flaking  -  Flakes  are  small  internal  fissures  found  in  heavy  sections  after 
forging.  Flaking  is  an  internal  form  of  quench  crack.  The  occurrence 
of  flaking  can  be  reduced  by  the  same  procedures  recommended  for  avoidance 
of  quench  cracks. 

Fracture  Toughness  -  A  mechanical  property  that  places  an  upper  limit  on 
•he  value  of  the  stress  intensity  factor. 

Frag! liiy  -  A  measure  of  the  dynamic  excitation  that  an  equipment  can 
experience  with  a  50  percent  chance  of  survival. 

iydrogen  Embrittlement  -  The  presence  of  relati/ely  small  quantities  of 
hydrogen  in  certain  metals  which  cause  a  major  reduction  in  ductility. 

Malfunction  -  A  reversible  process  outside  of  specified  tolerances. 

Upon  removal  of  the  environmental  load,  the  equipment  will  return  to 
operation  within  tolerance. 

>/erload  -  Service  failures  which  occur  after  successful  completion  of 
design  verification  testing  of  a  prototype  system. 

■quench  Cracking  -  quench  cracking  is  caused  by  the  austenite  to  marten¬ 
site  transformation  which  involves  an  increase  in  volume.  The  cracks 
run  from  the  surface  straight  into  the  center  of  mass. 

Resonance  -  Resonance  of  a  system  in  forced  vibration  exists  when  any 
change,  however  small,  in  the  frequency  of  excitation  causes  a  decrease 
in  the  response  of  the  system. 

Resonant  Fr».  quer.cy  -  Vibrating  frequency  at  which  resonance  occurs. 

3t iff ness  -  The  ratio  of  change  of  force  (or  torque)  to  the  corresponding 
change  in  translational  (or  rotational)  deflection  of  an  elastic  element. 

1 tress  -  Internal  force  exerted  by  either  of  two  adjacent  parts  of  a  body 
upon  the  other  across  an  imagined  plane  of  separation. 

tress  C  rroslor.  Crackir.v  -  A  brittle  type  of  failure  even  in  normally 
ductile  materials;  little  or  no  plastic  deformation  accompanies  the 
cracking. 
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Stress  Intensity  Factor  -  A  measure  of  a  materials  resistance  to  unstable 
crack  propagation.  It  is  independent  of  the  geometry  of  either  the  flaw 
or  the  part  and  of  the  method  of  loading. 

Wear  -  Wear  failures  will  occur  before  the  design  obsolesence  point  is 
reached  and  is  generally  due  to  overloads  or  lubrication  failure. 

Transfer  junction  -  The  quantitati /e  description  of  a  system's  dynamic 
character ist ics  which  relates  the  dynamic  inputs  to  the  dynamic  responses. 
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CHAPTER  9 

DYNAMIC  ATTENUATION 


ABSTRACT: 

There  are  two  basic  approaches  available  to  the  structural  engineer  for 
the  control  of  the  imposed  dynamic  environment;  provide  equipment  elements 
of  sufficient  structural  integrity  to  withstand  the  raw  environment  with¬ 
out  external  help,  or  reduce  the  environmental  intensity  that  is  felt  ly 
the  fragile  component  to  a  level  which  it  may  sustain  without  failure. 

The  latter  alternative,  attenuation,  is  the  subject  of  this  chapter. 

An  attenuator  selection  procedure  is  outlined  in  general  terms,  which 
reviews  the  specification,  the  design  limitations,  and  features  the  first 
approximation  of  a  working  transmissibility  curve  which  will  protect  the 
fragile  equipment  elements. 

A  major  portion  of  the  chapter  is  devoted  to  a  discussion  of  the  various 
materials  and  configurations  currently  in  use  aB  attenuation  devices. 
Included  are  the  coulomb  damped  devices,  the  fluid  devices,  elastomers, 
composites,  and  the  old  standby,  the  spring. 

Some  practical  design  suggestions  are  offered  on  the  application  of 
attenuation  devices  to  common  dynamic  situations.  Techniques  are  offered 
for  the  attenuation  of  equipment  elements  with  respect  to  equipment  level, 
a  concept  developed  to  categorize  the  various  elements  of  Army  equipment 
packages.  ftiese  levels  begin  at  the  component  division  and  extend  to 
console  and  module  level  of  equipments. 
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Section  1  _  Controlling  the  Dynamic  Environment 


THE  ALTERNATIVES  OF  STRUCTURAL  IMPROVEMENT  AND  DYNAMIC  ATTENUATION 


Structural  improvement  and  dynamic  attenuation  are  the  two  alternatives  available 
to  the  designer  for  the  protection  of  electronic  equipment  from  shock  and  vibration 
inputs _ _ 


The  Packaging  Designer  is  faced  with  the  problem  of  designing  equipment 
to  survive  a  specific  shock  and  vibration  environment  and  must  decide 
upon  a  constructive  course  of  action.  If,  through  intuition  or  as  a 
result  of  preliminary  testing,  the  designer  does  net  believe  his  equip¬ 
ment  capable  of  surviving  these  environments,  he  must  select  one  of  two 
alternatives:  structural  improvement  or  dynamic  attenuation. 

Structural  improvement  of  the  electronic  equipment  can  be  accomplished 
in  many  ways,  discussed  in  detail  in  other  chapters  of  ^his  design  guide, 
and  reviewed  here  for  reference.  One  tool  often  utilized  by  the  designer 
is  the  technique  of  substituting  materials  to  change  resonant  frequencies 
or  masses.  It  is  often  feasible  to  select  a  material  which  will  do  an 
adequate  Job  but  which  has  a  resonant  frequency  which  is  outside  the  excita¬ 
tion  region  and,  therefore,  unaffected  by  the  excitation. 

The  most  drastic  changes  in  resonant  frequency  can  be  obtained  by  changing 
the  geometry  of  the  electronic  equipment  package  or  same  of  its  components. 
The  designer  may  accomplish  this  geometric  change  through  a  variety  of 
avenues  which  include  the  relocation  or  reorganization  of  the  components 
in  a  trouble  area  or  modification  of  critical  area.  The  designer  must 
first  try  to  obtain  a  rigid  structure  which  will  survive  the  anticipated 
shock  and  vibration  environment.  Only  after  this  alternative  has  been 
pursued  in  its  fullest  should  the  designer  consider  the  second  alternative, 
dynamic  attenuation. 

Dynamic  attenuation  is  the  technique  of  utilizing  a  group  of  devices  to 
reduce  the  effect  of  the  imposed  environment.  This  group  of  devices 
consists  of  shock  absorbers,  dampers,  foams,  isolators  or  resonant 
devices.  Through  the  application  of  dynamic  attenuation  techniques, 
the  designer  may  incorporate  devices  which  will  either  reduce  the  amount 
of  energy  actually  getting  to  the  electronic  equipment  by  isolation  of 
the  equipment  or  he  may  utilize  devices  which  will  abosrb  the  energy  once 
it  is  within  the  electronic  equipment.  These  techniques  are  the  subject 
of  this  chapter. 

Included  in  this  chapter  are:  a  general  procedure  for  selecting  an 
attenuator;  a  discussion  of  the  materials  utilized  in  attenuators  in  both 
isolation  and  absorption  applications;  and  some  information  and  suggestions 
regarding  the  applications  of  these  materials. 
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Section  2  —  Attenuator  Selection  Procedures 

SUMMARY  OF  THE  PROCEDURES  FOR  SELECTING  AN  ATTEWUATOR 


The  comparison  of  the  environment  with  the  element's  fragility  will  establish  an 
allowable  transmissibility  envelope.  Comparision  of  that  envelope  with  the  actual 
hardware  capability  results  in  an  effective  selection  procedure  for  an  attenuation 

device. 


The  procedure  for  selecting  a  dynamic  attenuator  has  been  arranged  in  a 
sequence  which  will  lead  the  designer  to  an  accurate  and  rapid  conclusion. 
This  procedure  will  require  slight  modification  for  each  individual  ap¬ 
plication  but  the  general  philosophy  will  still  apply. 

A6  illustrated  in  the  adjacent  block  diagram,  the  first  information  which 
must  be  determined  is  the  environment  to  which  the  equipment  will  be 
subjected.  This  is  usually  specified  in  the  Quality  Assurance  provision 
section  of  the  procurement  specification.  These  provisions  tell  the 
designer  which  shoot  and  vibration  tests  must  be  performed,  the  parameters 
of  the  tests,  and  how  many  specimens  must  be  subjected  to  the  teste. 
Unfortunately,  this  basic  consideration,  the  required  environment,  is 
often  neglected  by  the  designer.  In  addition,  the  basic  inputs  of  some 
of  these  environments,  such  as  ballistic  shock,  have  been  neglected  to 
the  point  where  little  research  has  been  don-  or  published.  The  pack¬ 
aging  engineer  thus  has  a  formidable  task  in  defining  the  design  criteria. 

It  is  next  necessary  to  consider  what  level  of  assembly  will  be  affected 
by  the  environment  and  estimate  how  the  electronic  equipment  will  most 
probably  fail.  The  load  tolerance,  or  "fragility,"  of  each  level  should 
be  occasionally  estimated  to  establish  those  parte  needing  attenuation. 
Occasionally  it  is  advisable  to  isolate  the  entire  system.  The  knowledge 
of  the  failure  or  malfunction  modes  of  the  equipment  elements  is  also 
useful  during  preliminary  design  stages. 

Next  a  transmissibility  envelope  Is  computed  by  comparision  of  the  environ¬ 
mental  input  data  with  the  fragility  data.  This  transmissibility  envelope 
is  such  that  any  attenuator  with  a  tiansmlssibility  curve  everywhere  less 
than  the  envelope,  will  be  acceptable.  It  will  be  obvious  that  several 
attenuation  devices  will  appear  suitable. 

Additional  consideration  must  be  given  to  the  physical  properties  of  the 
electronic  equipment  package  and  where  it  is  to  be  mounted.  These 
considerations  include  the  weight  at  each  mounting  point,  physical  size, 
any  mounting  restrictions,  the  inertia  of  the  package,  the  amount  of 
excursion  the  package  is  allowed,  the  stiffness  of  the  adjacent  mounting 
structure,  the  location  of  the  package's  center  of  gravity,  and  acces¬ 
sibility  requirements  to  name  Just  a  few. 

Consideration  must  be  given  to  the  presence  of  extreme  temperature,  active 
chemicals,  or  other  adverse  environmental  influences  which  can  affect  the 
life  of  the  attenuator  selected. 

After  the  primary  design  constraints  have  been  defined,  the  designer  will 
select  an  attenuator  by  comparing  the  transmissibility  curves  of  actual 
attenuators  with  the  theoretical  envelope.  It  is  also  possible  that  an 
ideal  attenuator  will  not  be  apparent .  In  that  instance,  it  will  be 
necessary  to  repeat  the  sequence  changing  the  assembly  level  considered 
for  attenuation  or  adjusting  the  fragility  restrictions  through  struc¬ 
tural  improvement  of  the  electronic  equipment  package. 
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Section  2  -  Attenuator  Selection  Procedure* 

REVIEW  OF  THE  APPLICABLE  SPECIFICATION  AND  DEFINITION  OF  THE  ENVIRONMENT 


The  flret  step  in  the  selection  of  a  shock  and  vibration  attenuator  is  the  study  of 
the  related  specification  to  determine  the  dynamic  environment  which  must  be  met. 


When  selecting  an  attenuator,  one  of  the  preliminary  pieces  of  information 
to  be  accumulated  is  a  knowledge  of  the  dynamic  environment  that  the  equip¬ 
ment  package  will  be  subjected  to  and  within  which  the  equipment  package 
will  be  expected  to  survive  and  function.  This  shock  and  vibration  envi¬ 
ronment  is  specified  in  the  Quality  Assurance  Provisions  Section  (usually 
Section  4.0)  of  the  procurement  specification. 


According  to  the  American  Standards  Association,  shock  occurs  when  "the 
position  of  a  system  is  significantly  changed  in  a  relatively  short  time 
in  a  non-periodic  manner.  It  is  characterized  by  suddenness  and  large  .  . 
displacement,  and  developes  significant  internal  forces  in  the  system."'^’ 
There  are  several  kinds  of  shock  of  interest  to  the  designer  which  are 
required  of  specific  equipment  classes.  These  include  ballistic  shock, 
shaped  pulse,  bench  drop,  shipping  drop  and  railroad  humping.  Related 
to  these  are  cargo  bounce  and  vehicle  and  road  bounce.  A  complete 
description  of  each  of  these  excitations  with  their  characteristics  can 
be  found  in  the  chapter  on  "Dynamic  Simulation"  and  are  summarized  as 
well  in  Volume  II  of  this  Design  Guide. 


Vibration,  on  the  other  hand,  is  defined  by  V/ayne  Tustin  as  "a  mechanical 
oscillation  or  motion  about  a  reference  point  of  equilibrium."'^'  As  with 
shock,  vibration  test  requirements  vary  and  are  specified  for  particular 
classes  of  electronic  equipment.  These  include  sinusoidal,  random,  forced, 
deterministic,  and  others.  A  further  discussion  of  these  can  also  be  found 
in  the  chapter  on  "Dynamic  Simulation." 


Since  shock  is  characterized  by  large  accelerations  and  large  displacements, 
a  relatively  6tiff  attenuator  which  will  limit  equipment  over-excursion  is 
occasionally  indicated.  Vibration,  however,  is  many  repetitions  of  smaller 
acceleration  and  displacement  which  sometimes  requires  a  soft  suspension 
system  to  take  advantage  of  the  inertia  effects  of  the  equipment  to  be 
protected.  Unfortunately,  the  exact  opposite  is  also  true,  due  to  the 
resonant  effects  of  the  attenuation.  This  conflict  between  shock  and 
vibration  will  obviously  require  a  compromise  on  the  part  of  the  designer. 
The  problem  is  eased  somewhat  by  the  development  of  combined  isolator/ 
absorbers  for  some  levels  of  equipment.  These  products  will  be  discussed 
later  in  this  chapter. 

For  the  purposes  of  analysis,  the  environment  should  be  plotted  as  accel¬ 
eration  versus  frequency  as  showr.  in  the  adjacent  figure  and  these 
Individual  plots  then  combined  into  an  overall  environment  plot  which 
is  extremely  usable. 
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Section  2  —  Attenuator  Selection  Procedure* 
REVIEW  OF  DESIGN  LIMITATIONS 


Consideration  must  be  given  to  the  imposed  design  constraints  and  other  physical 
restrictions  which  may  limit  the  attenuation  selection  process. _ 


The  selection  of  an  attenuator  can  be  restricted  by  tne  design  itself  or 
by  the  design  specification.  The  stage  of  the  design,  whether  the  design 
is  in  a  preliminary,  developmental,  or  production  phase,  has  a  bearing  on 
which  attenuation  method  can  be  adapted.  It  should  be  obvious  that  if  the 
equipment  has  been  completed  it  will  be  impossible  to  optimize  the  location 
of  isolators  between  the  components  and  subassemblies.  If  the  philosophy 
of  dynamic  attenuation  is  incorported  at  an  early  enough  6tage,  many  more 
avenues  are  available  to  the  designer.  The  components  and  subassemblies 
chosen  by  the  designer  will  ultimately  establish  he  equipment  size  and 
weight  (the  design  specification  will  probably  establish  maximum  to’alB  for 
these)  as  well  as  the  location  of  the  center  of  gravity  the  moments  of 
inertia  of  the  electronic  equipment  and  accessibility  o'’  the  components. 

The  design  specification  will  probably  mention  such  ’h'-igt?  as  •  e  rigidity 
of  the  supporting  structure,  the  amount  of  sway  and  othe,  irslon  space 
available,  and  the  required  life  of  the  electronic  equlpmer.  acknge.  It 
can  be  seen  that  many  of  these  considerations  diminish  in  magnitude  when  one 
considers  which  components  need  protection.  It  is  much  easier  to  'reat  the 
part  rather  than  the  whole. 

The  designer  has  the  fundamental  choice  of  whether  to  Isolate  the  equipment 
from  the  input  or  absorb  the  energy  within  the  equipment;  isolation  devices 
are  external  to  the  equipment  being  protected  and  *nus  increase  the  volume 
occupied  by  the  equipment.  Absorption  devices  arc  added  internally  to  the 
package  and  thus  increase  the  object's  density.  Both  have  advantages  and 
disadvantages  and  will  be  discussed  in  detail  in  this  chapter. 

The  designer  should  also  consider  how  the  equipment  will  be  used  and  whether 
or  not  it  will  be  subjected  to  negative  accelerations.  If  negative  accel¬ 
erations  are  anticipated,  then  an  isolator  must  be  chosen  which  will  be 
capable  of  sustaining  this  reverse  deformation.  During  ballistic  shock, 
some  electronic  equipment  has  been  seen  (through  high  speed  photography) 
to  Jump  six  inches  or  more  laterally.  This  excursion  can  completely 
dislocate  it  relative  to  its  isolators.  When  the  equipment  slams  back 
onto  the  base  support,  the  results  are  usually  disastrous. 

A  calculation  will  be  required  to  determine  the  portion  of  the  total  weight 
which  will  apply  at  each  isoxator,  should  isolators  be  selected.  This 
individual  weight  will  be  utilized  in  the  final  selection  of  the  isolator. 


Physical 
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Section  2  —  Attenuator  Selection  Procedures 


EVALUATING  FRAGILE  COMPONOTTS  — 

| 

r 

It  is  necessary  to  visualize  how  different  areas  of  the  equipment  will  be  affected  by 
both  short  and  long  term  dynamic  excitations  to  determine  which  areas  need  protection. 


The  designer  must  now  establish  which  portion  of  this  electronic  equipment 
package  will  be  most  critically  affected  by  *he  dynamic  environment.  The 
designer  does  this  by  estimating  the  fragility  of  the  portions  of  his 
equipment  under  consideration.  Fragility  is  defined  by  R.  D'Agostino  as  a 
"qualitative  index  of  the  ' G ’  load  limit  that  the  equipment  can  sustain 
without  damage. "(3)  An  example  may  best  illustrate  this  concept:  if  a 
radio  has  an  even  chance  of  surviving  a  20  "G"  acceleration  at  30  Hz,  then 
this  is  said  to  be  its  "fragility"  for  this  frequency.  If,  for  some  reason, 
it  is  subjected  to  a  slightly  higher  acceleration  at  this  frequency,  it  will 
probably  be  damaged.  If  this  radio  must  (a6  a  design  requirement)  survive 
in  a  3°  "G,"  30  Hz  environment,  then  attenuation  is  mandatory  to  reduce  the 
acceleration  the  radio  "sees"  to  at  least  20  "G's."  Not  all  levels  or 
portions  of  the  equipment  will  have  the  same  fragility  curve  and  the  curve 
usually  varies  with  frequency.  The  determination  of  this  fragility  parameter 
is  discussed  in  detail  in  another  chapter  of  this  Design  Guide. 

Since  both  shock  and  vibration  are  normally  part  of  the  dynamic  environment, 
the  designer  is  interested  in  which  of  them  will  have  the  most  severe 
effect  on  the  equipment.  The  usual  mode  of  failure  associated  with  these 
two  disturbances  varies  as  does  the  excitation  itself.  Shock,  for  example, 
usually  causes  failure  due  to  the  first  impact  of  load,  either  as  a  direct 
fracture,  or  as  an  overextension  or  excessive  excursion  of  an  equipment 
element.  Vibration  failures  are  typically  fatigue  fractures  or  operational 
malfunctions  due  to  chatter.  A  low  level  shock  disturbance,  such  as  bounce, 
may  also  excite  the  equipment  into  some  resonant  activity  and  subsequent 
fatigue  problems.  The  decision  is,  therefore,  one  of  evaluating  the  extent 
of  the  damage  potential,  whether  it  is  due  to  initial  or  repetitive 
excitation,  and  relating  this  information  to  both  the  fragility  of  the 
element  and  the  "safe  loading  level"  or  endurance  limit  of  the  equipment. 
These  properties  are  illustrated  in  the  adjacent  figure.  Detailed  infor¬ 
mation  on  the  design  of  structure  for  failure  resistance  is  discussed 
in  other  chapters. 

An  overall  fragility  curve  should  be  plotted  as  acceleration  versus 
frequency  and  on  the  same  scale  as  the  environment  to  facilitate  later 
use.  This  plot  may  range  from  a  straight  line  limit  which  might  be  found 
in  a  procurement  specification,  to  an  undulating  characteristic  which 
might,  evolve  from  empirical  *est  data. 
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Section  2  —  Attenuator  Selection  Procedures 


ESTABLISHING  THE  TRANSMISSIBILITY  ENVELOPE 


A  calculation  nay  be  performed  to  determine  the  maximum  transmissibility  envelope  for 
the  attenuator  location  for  both  shock  and  vibration  by  factoring  the  environment 
with  the  fragility  of  the  system. _ 


Now  that  the  preliminary  work  has  been  accomplished,  the  designer  is  ready 
o  determine  the  transmissibility  envelope  for  the  particular  attenuator 
application.  A  convenient  definition  of  transmissibility  is  the  ratio  of 
the  energy  transferred  through  an  object  to  the  energy  originally  applied 
to  the  object.  The  electronic  analogy  is  "gain."  The  region  of  the  curve 
where  this  ratio  ie  greater  than  unity  is  called  the  amplification  region. 
This  Is  a  characteristic  of  a  resonant  system  which  is  excited  at  a  frequency 
near  its  natural  frequency.  It  must  be  realized  that  most  attenuation  de¬ 
vices  have  such  a  region  and  it  is  imperative  to  choose  an  attenuator  whose 
amplification  region  is  below  any  anticipated  excitation  since  this  is  a 
frequency-related  factor.  When  the  output  to  input  ratio  is  less  than 
unity,  the  attenuator  is  reducing  the  effect  of  the  input  or  the  device  is 
behaving  like  an  attenuator.  As  can  be  seen  at  the  right,  this  curve  has 
one  fundamental  peak  (though  it  may  have  many  other  peaks  present)  whose 
height  is  the  maximum  amplification  at  the  system's  fundamental  resonant 
frequency.  The  other  peaks  often  represent  the  resonant  frequencies  of  the 
subassemblies  within  the  system. 

The  frequency  of  the  fundamental  (and  any  other  resonance,  foi  that  matter) 
may  be  changed  by  altering  the  mass/spring  relationship  of  the  resonating 
body.  The  amplitude  of  the  peak  is  an  indication  of  the  damping  properties 
of  the  system.  Both  the  peak  frequency  and  the  peak  amplitude  may  be 
modified  intentionally  or  by  chance  when  the  mass  or  damping  properties 
of  the  system  are  changed. 

The  envelope  developed  will  be  the  locus  of  the  maximum  allowable  (without 
failure)  transmissibilities  for  the  span  of  frequencies  of  interest.  Since 
this  envelope  is  a  locus  of  maximums,  any  actual  curve  which  lies  everywhere 
below  this  envelope  will  be  acceptable  for  the  application. 

The  evolution  of  the  envelope  may  be  described  in  the  following  manner: 


where:  T  =  Transmissibility  at  a  given  frequency  (f) 

F  =  Fragility  level  in  G's  at  a  given  frequency  (f) 

E  =  Environmental  input  ir.  G's  at  the  given  frequency  (f). 

This  is  shown  in  graphical  form  at  the  right.  An  example  is  the  hypothetical 
case  where,  at  a  common  frequency,  an  electronics  package  can  withstand 
25  G's  (fragility)  but  the  environment  is  applying  50  G's  (perhaps  due  to 
shock).  The  maximum  transmissibility  would  then  be  0.5  and  an  isolator 
with  a  transmissibility  of  0.45  at  this  frequency  would  be  acceptable. 

The  designer  should  be  alert  to  the  fact  that  he  is  not  working  with 
single  frequencies,  but  rather  a  span  of  frequencies  which  menas  he  is 
exercising  two  curves  to  establish  a  third. 
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TRANSMISSIBILITY  CURVES:  The  amplification  and  attenuation  regions  as 
well  as  the  limit  for  usable  attenuator  may  be  defined  in  the 
frequency  domain. 
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Section  2  —  Attenuator  Selection  Procedure# 


FINDING  A  SUITABLE  TRANSMISSIBILITY  CURVE 


The  selection  is  complete  when  an  attenuator  is  found  which  possesses  a  transmissihility 
characteristic  that  lies  within  the  theoretical  curve  and  has  the  correct  physical 

requirements . _ 


Once  the  transmissibility  envelope  has  been  established,  the  task  of  lo¬ 
cating  a  suitable  attenuator  remains.  Some  shortcuts  are  available  to 
the  designer,  however.  The  weight  of  the  equipment  will  restrict  the 
size  of  the  isolator  or  absorber;  the  location  or  excursion  restrictions 
will  also  eliminate  many  attenuators.  As  a  result  of  this  and  other 
thinning,  the  designer  will  have  only  a  few  attenuators  whose  curves 
will  have  to  be  compared  with  the  allowable  envelope.  The  actual  selec¬ 
tion  is  done  by  fitting  the  actual  curves  to  the  theoretical.  In  some 
instance  it  may  be  necessary  to  combine  two  different  attenuators  (such 
as  an  isolator  and  an  absorber)  to  obtain  the  desired  result. 

Should  the  end  result  be  unsatisfactory  for  some  reason,  it  will  be 
necessary  to  return  to  the  selection  procedure  and  alter  some  of  the 
assumptions  made.  In  such  a  case  it  is  possible  to  let  the  selection 
procedure  indicate  what  assumptions  should  be  changed.  If  the  designer 
finds  an  attenuator  or  combination  of  attenuators  that  are  suitable  in 
every  way  but  transmissibility,  then  he  can  generate  a  transmissibility 
envelope  which  will  enclose  the  desired  attenuator.  The  basic  equation 


can  be  rearranged  into 


which,  if  the  input  environment  Is  a  fixed  requirement,  will  produce 
a  new  fragility  curve  for  the  equipment.  This  fragility  envelope  will 
assist  the  designer  in  altering  the  electronic  equipment  structurally. 
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DYNAMIC  ATTERUATIOH 

SECTIOH  3  -  MATERIALS  CGMCXILY  USED  FOR  ATTERUATICR  DEVICE 

•  A  "Response  Spectrum"  for  Classifying  Attenuation  Devices 

•  Characteristics  of  "Dry  Friction"  Devices 

•  Isolating  With  Woven  Metal 

•  Isolating  With  Stranded  Wire 

•  Usefulness  of  Fluid  Devices 

•  Properties  of  Elastomers 

•  Response  Characteristics  of  Elastomers 

•  General  Characteristics  of  Foam 
a  Response  Characteristics  of  Foam 

•  Properties  of  natural  and  Synthetic  Fiber  Felts 

a  Characteristics  of  Other  Special  Composite  Materials 
a  A  Sianary  of  Spring  Attenuators 
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Section  3  -  Materials  Commonly  Used  for  Attenuation  Devices 
A  "RESPONSE  SPECTRUM"  TOR  CLASSIFYING  ATTSlUATTOIf  SYSTEMS 


Dynamic  attenuation  materials  can  be  arranged  into  a  spectrum  in  which  their 
interrelated  properties  become  apparent.  This  attenuator  spectrum  replaces 
the  familiar  damper,  isolator,  and  absorber  terminology. _ 


There  are  many  kinds  of  attenuation  devices  ranging  from  automotive  shock 
absorbers,  to  springs,  to  felt  padding,  to  elastomeric  vibration  isolators. 
This  section  presents  a  cross  section  of  these  devices  arranged  in  order  of 
their  general  location  within  the  spectrum  shown  in  the  adjacent  figure. 

The  search  for  a  comparative  base  has  resulted  in  the  attenuators  bei.  ^ 
presented  as  part  of  this  continuous  spectrum  of  devices. 

In  order  to  evolve  this  spectrum,  it  must  be  realized  that  there  are  really 
only  two  properties  of  a  transmissibility  curve  which  actually  are  necessary 
for  the  description  of  the  basic  curve;  the  properties  of  resonant  frequency 
and  amplification  or  "gain."  It  is  possible  to  normalize  the  frequency 
axis  of  the  transmissibility  curves  with  the  resonant  frequency  as  unity. 
This  normalization  removes  the  dependence  on  mass  or  loading  and  relegates 
the  curve  to  a  point,  the  maximum  transmissibility  for  the  primary  resonant- 
frequency  which  is  now  unity.  The  maximum  transmissibility  is  a  characteri¬ 
stic  of  the  attenuator  alone  end  ranges  from  1.0  for  a  critically  damped 
system  having  no  resonant  rise,  to  infinity  for  a  solely  resonant  system 
with  no  damping .  All  attenuation  systems  (l.e.,  isolators,  abosrbers, 
dampers)  may  be  charted  within  this  spectrum. 

The  available  data  on  contemporary  attenuators  was  plotted  and  is  presented 
at  the  right.  As  would  be  ex  ected,  considerable  overlapping  does  exist. 
Five  major  divisions  of  material, however,  tend  to  group  themselves  within 
the  spec trim.  These  are,  in  order  of  increasing  magnitude:  coulomb  damped 
devices,  viscous  devices,  elastomers,  composite  materials,  and  springs. 

These  devices  are  discussed  herein  in  the  order  mentioned. 

This  "spectrum  of  devices"  concept  greatly  simplifies  the  actual  selection 
of  an  attenuator  mentioned  previously  in  that  once  the  transmissibility 
envelope  is  known  and  the  resonant  frequency  of  the  new  system  (the 
electronic  equipment  including  the  attenuator)  estimated,  then  the  trans¬ 
missibility  envelope  can  be  normalized. 

The  transmissibility  at  this  resonant  frequency  then  becomes  the  maximum 
allowable  for  the  application.  Any  device  located  lower  on  the  spectrum 
than  this  limit  is  acceptable  in  the  application,  provided  it  also  meets 
the  other  physical  restrictions  imposed. 


♦ 

Increasing 

Transmls- 

siblllty 


Springs 


Rubber,  30  Durometer  Pad  (Composite ) 
Polyurethane  Foam  (Composite) 


Barry  Circuit  Board  Isolator  (Composite) 


Cork  Felt  (Composite) 


Neoprene  Rubber  (Composite) 

Cork  (Composite) 

Rubber,  60  Durometer  (Composite) 
Roblntech  Series  3700  (Wire  Mesh/Spring) 

Roblntech  Duro-Flex  (Elastomer) 
Roblntech  Type  25  (Elastomer) 

Aeroflex  (Stranded  Wire) 

Roblntech  Series  1201  (Wire  Mesh) 

Barry  Series  BC  4000  (Elastomer) 

Barry  Series  EC  2000  (Elastomer) 

Barry  Series  EC  1000  (Elastomer) 

Lord  HT2-35  (Elastomer) 

Lord  ETC- U0  (Elastomer) 

Lord  HTO-7  (Elastomer) 

Lord  HTI--15  (Elastomer) 

Barry  Serva  Level  (Viscous) 

Barry  Circuit  Board  Damper  (Elastomer) 
Barry  B64  (Coulomb) 

Barr^'  L21,  L22  (Coulomb) 

Barry  Serva  Level  (Viscous) 

Barry  B21,  B22  (Coulomb) 

Lord  Size  "0"  (Coulomb) 

Lord  Console  Size  (Coulomb) 

Barry  iM  (Coulomb) 

Lord  Size  2  (Coulomb) 
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CHARACTERISTICS  OF  "DRY  FRICTION"  DEVICES 

Coulomb  damped  (dry  friction)  devices  combine  high  damping  capability  with  low  resonant 
response  characteristics  and  dominate  the  low  end  of  the  spectrum. _ 


Dry  friction  dampers  are  attenuation  devices  which  dissipate  energy  only,  i.e., 
no  energy  can  be  stored  as  potential  energy  as  in  springs.  These  damping 
elements  dissipate  energy  through  sliding  friction  and  exert  a  force  which  is 
independent  of  velocity.  In  addition,  these  devices  are  dependent  only  upon 
relative  displacement,  i.e.,  they  do  not  exhibit  restoring  forces  from  stored 
potential  energy  such  that  they  return  to  the  original  equilibrium  position. 

These  dampers  are  very  useful  for  providing  additional  damping  to  a  suspension 
system  without  adding  resilient  properties  since  the  only  force  they  generate 
is  related  to  equipment  motion.  These  devices  are  operable  through  a  wide 
temperature  range  and  are  only  slightly  affected  by  dirt,  sand,  and  dust. 

Their  performance  is  deteriorated,  however,  by  lubricants  such  as  water,  oil, 
or  gasoline  which  tend  to  destroy  their  frictional  properties. 

Sophisticated  devices  are  now  available  which  combine  dry  friction  with  spring 
properties.  These  devices  are  available  both  in  series  and  in  parallel  and 
are  excellent  for  specific  applications. 

The  combi nation- type  device  would  be  located  more  toward  the  middle  of  the 
spectrum  depending  on  the  ratio  of  damping  to  resonance.  Once  the  decision 
has  been  made  to  employ  a  combination  device,  it  is  best  for  the  designer 
to  contact  the  component  manufacturer  for  transmissibility  data  on  these 

systems.  4  v 

t  t- 

It  should  also  be  noted  by  the  designer  that  the  transmissibility  curves 
for  these  devices  indicate  that  the  devices  do  not  isolate  as  effectively 
at  the  higher  frequencies  as  well  as  some  other  classes  of  attenuators. 
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ISOLATING  WITH  WOVHi  METAL 


>  / 

In  certain  applications,  wire  mesh  devices  have  a  distinct  advantage  over  other 
Isolation  systems . 


A  typical  design  for  a  woven  metal  mesh  attenuation  device  is  shown  at  the 
right.  As  can  be  seen  in  the  illustration,  it  consists  primarily  of  woven 
metal  in  combination  with  a  spring.  The  metal  mesh  provides  damping  while 
the  spring  supplies  resonant  characteristics  and  load  support.  Buffers 
are  also  shown,  but  these  only  come  into  play  in  the  event  of  over- travel 
or  bottoming  of  the  primary  attenuation  material. 

Also  shown  is  a  typical  transmissibility  plot  for  these  devices.  Since 
this  is  a  combination  device,  the  peak  is  toward  the  middle  of  the 
attenuator  spectrum  as  might  be  anticipated.  It  may  also  be  noted 
that  the  transmissibility  drops  off  much  more  rapidly  than  the  dry  friction 
devices,  with  a  similar  increase  in  frequency. 

The  metal  mesh  in  these  devices  mechanically  damps  motion  by  dissipating 
energy  through  friction  losses  due  to  the  rubbing  of  the  mesh  strands 
against  one  another.  As  such,  the  operational  efficiency  is  little  affected 
by  temperature  changes.  By  proper  selection  of  metal  used  for  the  mesh, 
the  temperature  extremes  which  the  isolator  will  endure  may  be  altered. 
Metal  alloy  selection  may  also  facilitate  corrosion  resistance  non¬ 
magnetic  properties.  The  energy  from  the  shock  or  vibration  excitation 
is  converted  into  heat  which  is  readily  dissipated  by  the  mesh.  The 
stress  within  the  woven  metal  mesh  is  usually  far  enough  below  the 
fatigue  limit  of  the  material  to  preclude  a  fatigue  failure.  These 
devices  usually  exhibit  excellent  life  characteristics. 

Woven  metal  devices  are  presently  available  only  as  isolators.  There  are 
several  configurations  on  the  market,  each  having  specific  advantages  for 
given  applications. 
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WOVEN  MEEAL  ISOIATORS:  There  are  tines  when  these  devices  have  an 
advantage  over  other  attenuation  systems. 
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Section  3  “  Material*  Coaoonly  Used  for  Attenuation  Device* 
ISOLATIXG  WITH  STRANDED  WIRE 


Cable  Isolators  are  resent  developments  within  the  range  of  dry  frlcatlon  devices 


which  exhibit  great  versatility 


plication. 


Cable  Isolators  are  a  recent  development  in  the  field  of  isolators  that 
are  capable  of  attenuating  both  shock  and  vibration.  Typical  configu¬ 
rations  of  this  device  are  as  illustrated  at  the  right.  These  devices 
are  classified  as  coulomb ic  since  dynamic  energy  is  dissipated  due  to 
friction  between  the  individual  strands  of  wire  in  each  cable.  This 
dissipation  process  is  similar  to  that  exhibited  in  the  woven  metal 
Isolators.  In  this  case,  however,  no  additional  spring  is  required  since 
the  cable  is  sufficiently  stiff  to  support  loads  ranging  from  four  ounces 
to  several  thousand  pounds  (depending  upon  the  size  of  the  isolator). 

These  cable  Isolators  can  operate  in  all  environments,  but  Borne  instances 
of  fatigue  problems  have  been  reported.  The  all-metal  construction 
results  in  electrical  and  thermal  conductivity  as  well.  Their  function 
is  relatively  unaffected  by  temperature  changes. 

As  with  "Dry  Friction"  devices,  cable  isolators  are  affected  by  oils, 
lubricants,  or  abrasives  which  tend  to  alter  the  coefficient  of  friction 
within  the  cables.  Hie  damping  generated  by  these  mounts  is  related  to 
the  stress  applied,  which  equates  to  large  damping  from  large  displacements 
and  small  damping  (or  predominant  resonance  isolation)  at  small  amplitudes. 

The  response  characteristics  (resonant  frequency,  damping,  displacement) 
may  be  varied  by  altering  cable  diameter,  number  of  strands  per  cable, 
cable  length,  cable  twist  or  lay,  and  the  number  of  cables  per  isolator. 
This  latter  variation,  the  number  of  cables  per  isolator,  is  easily 
reduced  by  clipping,  which  results  in  a  lowering  of  the  resonant  frequency 
of  the  system  with  an  accompanying  increase  in  the  excursion  for  a  given 
shock  excitation. 


9.3-6 


VOLUME  III 


STRANDED  WIRE  ISOLATORS :  A  recent  development  In  the  coulomb  damped 
category  of  Isolators  having  good  versatility. 


VOLUME  III  -  CHAPTER  9 

Section  3  -  Materials  Commonly  Used  for  Attenuation  Devices 
USEFULNESS  OF  FLUID  DEViCES 


Fluid  devices  have  long  been  used  for  shock  absorption,  but  are  now  finding  additional 
application  as  vibration  Isolators.  Their  attenuation  capability  is  manifest  by  the 
metering  of  fluid  through  an  orifice  or  by  the  utilization  of  the  elastic  properties 
of  the  fluid. _ _ _ 


Fluid  devices  are  very  versatile  in  resisting  the  shock  and  vibration 
environment.  They  may  be  used  with  components  as  small  as  transistors, 
or  modules  as  large  as  a  room.  Fluid  devices  operate  primarily  on  two 
basic  principles:  the  compressibility  of  a  fluid  and  :he  flow  of  a  fluid 
through  an  orifice. 

A  technique  which  employs  both  of  these  principles  of  operation  nay  be 
Illustrated  by  the  insertion  of  a  small  amount  of  grease  under  such 
components  as  transistors  or  integrated  circuits.  This  technique  provides 
a  higher  capacity  path  to  the  heat  sink  but  it  also  allows  for  some  shock 
and  vibration  absorption  by  coupling  the  component  to  the  mounting  base. 

Examples  of  fluid  devices  which  operate  primarily  on  the  compressibility 
of  a  fluid  are  the  liquid  springs,  either  servo- controlled  or  fixed  air 
bags,  and  automobile  tires.  Liquid  springs  Eire  essentially  a  filled  and 
sealed  hydraulic  cylinder  with  the  shaft  in  place,  but  without  a  piston. 

As  the  shaft  moves  in  and  out,  the  volume  of  the  fluid  within  the  cylinder 

changes.  This  change  in  volume  manifests  as  a  change  In  pressure  within 
the  cylinder.  Air  bags  and  servo- controlled  air  bags  are  commonly  avail¬ 
able;  vibration  isolators  have  even  been  made  successfully  from  auto¬ 
mobile  tires  and  inner  tubes.  The  tire  may  be  used  as  a  container  for 

the  tube.  After  all  excess  rubber  is  removed  from  the  carcaBS,  a  very 

low  frequency  system  at  low  cost  results. 

Familiar  to  all  of  us  is  the  common  shock  abaorber  used  on  motor  vehicles. 
These  devices  are  hydraulic  cylinders  with  an  orifice  (leak)  through  the 
piston.  Fluid,  being  viscous,  is  restricted  in  its  flow  through  this 
orifice;  the  energy  of  the  shock  pulse  is  thus  converted  to  heat  at  the 
orifice.  These  shock  absorbers  need  the  assistance  of  a  spring  (liquid, 
mechanical,  or  elastomeric)  to  support  a  load,  as  the  restoring  force  is 
not  displacement  related.  In  this  way,  they  are  similar  to  the  dry 
friction  shock  absorbers  discussed  earlier. 
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FLUID  ATTENUATION  SYSTEMS:  There  are  a  variety  of  attenuation  systems 
whose  characteristics  depend  on  the  viscosity  and  compressibility  of 
the  fluid. 
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Section  3  "  Materials  Commonly  Used  for  Attenuation  Devices 


PROPERTIES  OF  ELASTOMERS 


Elastomeric  compounds  have  elasticity  and  foroability  characteristics  which  makes 
them  particularly  adaptable  to  shock  and  vibration  attenuation. _ 


Hie  elastomer  is  basically  a  rubber.  It  may  be  either  natural  or  synthetic 
and  can  range  from  extremely  pliant  to  a  very  rigid  material.  This  diversity 
is  due  to  the  formulation  or  "blend"  and  results  in  many  different  chemical 
and  physical  properties.  Elastomers  may  range  from  encapsulants  to  self¬ 
adhering  sheets,  to  isolators,  to  ship  dock  fenders. 

The  energy  originating  from  a  shock  or  vibration  environment  in  some 
instances  may  be  controlled  by  absorption  and  subsequent  conversion  to 
heat  within  an  elastomer.  This  conversion  is  usually  accomplished 
through  the  internal  friction  properties  of  the  attenuator.  Elastomers 
are  most  efficient  at  this  transfer  of  energy  when  the  applied  strecs 
manifests  itself  as  shear  within  the  device.  There  are  many  available 
attenuators  which  are  specifically  designed  to  take  advantage  of  thi6 
shear  characteristic. 

Encapsulants  are  elastomeric  compounds  which  are  available  in  a  full 
range  of  hardness.  Almost  all  are  cast  in  place  for  the  best  attenuation 
effect.  While  they  are  available  in  either  an  opaque  or  transparent  state, 
filters  may  be  added  to  the  encapsulant  for  a  desired  optical  effect. 

Some  encapsulants  may  be  stripped  off  for  repair  of  failed  units  and 

subsequently  "patched"  back  in  place.  4  * 

Epoxy  material  is  an  example  of  the  elastomer  used  primarily  to  raise  *  * 

the  resonant  frequency  of  the  assembly  above  the  anticipated  excitations. 

The  molds  used  for  this  encapsulation  may  be  either  rigid  metal  or  pliant 
R.  T.  V.  (room  temperature  vulcanizing)  silicone  rubber. 

R.  T.  V.  silicone  rubber  is  also  an  encapsulant  often  used  with  small 
electronic  assemblies.  It  must  be  employed  with  discretion  since  it 
has  poor  adhesion  qualities  to  the  rigid  parts  being  potted.  It  will 
easily  peel  off  connectors  if  the  connector  is  handled  often.  A  primer 
is  suggested  when  using  R.  T.  V.  silicone  rubber  encapsulants,  but  its 
effect  is  small.  Silicone  rubber  is  very  useful  where  a  short  term, 
high  temperature  environment  is  expected  (as  on  a  launch  pad)  as  it  forms 
a  crust  which  provides  a  good  thermal  insulator.  Because  the  silicone 
rubbers  exhibit  a  poor  adhesion  to  the  part  they  encapsulate,  the 
encapsulant  may  be  easily  cut  away  and  the  part  repaired.  After  the 
repair,  the  cavity  may  then  be  filled  with  new  silicone  rubber. 

When  only  a  limited  amount  of  damping  is  required  along  with  environ¬ 
mental  protection,  a  "conformal  coat"  may  be  employed.  This  method  lends 
itself  to  production  as  the  assemblies  are  dip-coated  without  molds. 

The  parts  of  the  assembly  can,  in  most  cases,  be  repaired  and  the  coating 
patched.  This  is  a  thinner  coat  than  the  other  encapsulants  which  results 
in  an  overall  cost  saving. 
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Section  3  —  Materials  Ccwanonly  Used  for  Attenuation  Devices 

RESPONSE  CHARACTERISTICS  OF  ELASTOMERS 


The  tranamls8lblllty  and  load  curves  for  elastomers  va.  <ver  a  broad  range  depending 
upon  composition,  temperature,  and  the  mechanical  confi  ration  of  the  elastomer. 


It  may  be  seen  in  the  attenuator  spectrum  presented  earlier  that  the 
attenuator  manufacturers  have  taken  advantage  of  the  versatility  of 
elastomers  to  produce  a  wide  variety  of  absorbers  and  isolators. 
Elastomers  are  available  in  sheets  which  may  be  used  a6  absorbers  by 
bonding  to  a  vibrating  panel,  or  as  an  isolator  by  placing  it  between 
the  subject  component  and  the  damaging  excl  -  tio-c.  Wh*»n  applied  to  a 
vibrating  panel,  the  absorption  properties  may  he  enhanced  by  forming 
a  sandwich  with  the  elastomer  between  sheets  of  metal  since-  elastomers 
absorb  energy  best  in  the  shear  mode.  This  type  of  stndwich  material 
is  commercially  available. 

Isolators  are  available  in  virtually  all  shapes  and  sizes  from  a  variety 
of  manufacturers.  The  response  curves  presented  in  the  adjacent  figure 
are  representative  and  do  not  apply  to  any  particular  configuration. 

The  amount  of  amplification  and  attenuation  depends  upon  the  configu¬ 
ration  of  the  isolator;  the  resonant  frequency  depends  upon  the  load 
applied.  Some  of  the  elastomers  used  are  subject  to  aging  and  ozone 
attack  which  results  in  cracking  and  decomposition  of  the  elastomer. 
Others  are  affected  by  gasoline  or  oil.  The  designer  should  carefully 
review  the  other  environmental  influences  on  the  equipment  to  optimize 
his  choice  of  elastomeric  material.  To  aid  in  the  selection  procedure, 
a  list  of  manufacturers  is  provided  in  the  appendix. 
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RUBBER  ATTENUATORS:  Characteristics  of  elastomeric  devices  vary  with 
composition,  temperature  and  configuration. 
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Section  3  -  Materials  Conmonly  Used  for  Attenuation  Devices 
GENERAL  CHARACTERISTICS  OF  FOAM 


Foamed  materials  have  many  unique  properties  that  make  them  desirable  shock  and 
vibration  attenuators  for  certain  applications. 


The  composites  are  considered  to  be  mix'ures  of  two  or  more  elements. 

Foamed  materials  have  been  included  the  composite  group  because  they 
are  considered  as  e  mixture  of  two  elements,  one  of  w.ich  is  a  gas.  The 
gas  may  be  entrappea  as  if  it  were  in  many  small  baloons  (closed  cell) 
or  may  be  free  (oper  cell).  It  is  the  crushing  of  these  cells  with  its 
associated  displacement  of  gas  that  makes  the  foam  useful  as  an  attenuator. 

The  density  of  foamed  materials  can  be  varied  by  restricting  the  amount 
of  gas  (blowing  agent)  that  is  trapped  in  the  cells  of  the  foam.  Most 
of  the  foams  discussed  here  will  be  of  the  closed  cell  variety  which  also 
have  the  most  utility  as  attenuators.  How  the  natural  freqaency  varies 
with  density  is  unknown  at  this  time  and  is  an  area  where  further  study 
would  be  informative.  Foams  can  be  classified  as  to  whether  they  are 
rigid  or  pliant  or  whether  they  are  precast  or  foamed- in-place.  For  the 
purpose  of  electronic  enclosures  and  modules,  the  last  two  divisions  will 
be  discussed. 

Precast  foams  are  available  in  blocks,  sheets,  and  rods  in  both  rigid  and 
pliant  form.  These  foams  are  easily  worked  to  obtain  any  specific  shape 
and  can  be  attached  with  adhesive.  Precast  foams  are  used  as  both  an 
isolator  and  an  absorber  on  all  sizes  of  package  from  missiles  to 
transistors.  Some  of  *he  rigid- type  precast  foams  are  permanently  de¬ 
formed  by  shock  loading  when  used  as  an  isolator  but  still  make  excellent 
packaging  material  for  shipment  of  electronic  equipment.  These  foams 
are  often  used  to  absorb  acoustic  energy  in  electronic  equipment  and  may 
be  applied  to  large  unsupported  sheets  to  dampen  panel  resonances. 

Either  a  natural  cavity  or  one  formed  by  temporary  dikes  may  be  filled 
with  foam- in-place  material.  These  materials  have  the  same  irgredients 
as  the  precast,  before  foaming.  This  technique  results  in  excellent 
bonding,  a  complete  filling  of  the  void,  and  an  increase  in  the  structural 
integrity  of  the  assembly.  Accessibility  and  repairability  are  poor, 
however.  This  technique  of  potting  can  be  used  to  fill  a  wall  cavity 
as  well  as  potting  a  coil  assembly,  to  illustrate  the  size-versatility 
of  the  composite. 

Due  to  their  dead  air  spaces,  foams  tend  to  be  good  thermal  Insulators 
(urethane  foams  have  ar.  effective  thermal  conductivity  of  0.10  to  0.15 
BTV  per  hour  per  sq  ft  per  F*  at  75*FM19'  Some  of  the  plastics 
used  to  make  the  foams  will  melt  at  moderate  temperature.  A  hot  tool 
1b  thus  an  excellent  way  to  machine  these  foams.  The  effect  of  various 
atmospheres  and  solvents  will  obviously  depend  upon  the  plas*ic  in  the 
foam.  Most  of  these  foams  may  be  glued  ir,  place.  The  solvents  in  some 
glues,  however,  will  dissolve  same  foams.  An  example  is  the  effect  of 
M.  E.  K.  or  polyester  resin  on  polyurethane  foam.  The  foam  vanishes 
leaving  only  a  very  small  amount  of  melted  plastic  residue.  Before 
gluing,  it  is  always  advisable  to  experiment  with  some  scrap  material. 
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Section  3  ""Material*  Conoaonly  Used  for  Attenuation  Device* 
RESPONSE  CHARACTERISTICS  OF  FOAM 


Much  data  la  available  on  the  propertlee  of  foam  material*.  Their  application  muat 


be  carat 


tailored  to  the  problem. 


The  data  preaented  here  applies  to  the  more  cannon  foams  which  are  used 
for  Isolation  and  absorption.  A  recent  development  is  an  adhesive- 
backed  resilient  foam  sheet  which  may  be  used  for  the  isolation  of  light 
components.  It  was  developed  primarily  for  acoustic  deadening.  When 
using  adhesives  it  is  wise  to  verify  the  aging  properties  of  the  bonding 
material  as  well  as  the  solvent  effect  of  the  adhesive  on  the  foam. 


Deflection  (%)  -► 

COMPRESSION  LOAD  DEFLECTION  CHARACTERISTICS  OF  POLYURETHANE  FQAM^18) 
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Section  3  —  Materials  Cos^only  Used  for  Attenuation  Device* 
PROPERTIES  OF  NATURAL  AND  SYNTHETIC  FIBER  FELTS 


Natural  and  synthetic  fiber  felt*  damp  in  a  manner  similar  to  open  cell  foam  and 
are  uaed  as  absorption  devices  as  veil  as  damping  material*  for  resonantlng  panels. 


Both  natural  and  synthetic  fiber  felts  find  application  as  electronic 
equipment  attenuators.  Their  normal  usage,  however,  is  Intended  as 
acoustic  energy  absorbers. 

Natural  fiber  felts  are  not  affected  by  sunlight  or  oxidation  as  are 
some  foams.  They  are  also  very  stable  in  oil.  All  natural  fiber  felts 
are  usable  between  the  temperatures  of  -80°F  and  +200 *F.  All  exhibit 
a  very  low  (or  negligible)  coefficient  of  thermal  expansion. 

Synthetic  fiber  felts  may  also  survive  service  temperatures  above  200°F; 
some  have  the  added  safety  feature  of  being  fire  retardant.  Most 
synthetic  fiber  felts  merely  shrink  or  melt  when  subjected  to  excessive 
heat. 

Like  foam,  felts  have  a  low  thermal  conductivity  and  actually  behave 
much  like  an  open-cell  foam.  When  felt  Is  used  as  a  damper  on  panels, 
the  damping  properties  can  be  Improved  by  the  addition  of  a  metal  sheet 
to  the  exposed  side  of  the  felt.  The  barrier  enhances  the  damping  action 
by  converting  compressive  stress  into  shear  stress  and  by  restricting 
the  air  flow  through  the  felt.  This  technique  is  applicable  to  foams  and 
elastomeric  sheet  as  well. 

Va>  ious  types  of  felt  are  frequently  seen  in  commercial  applications  such 
as  interior  panels  of  television  sets  and  office  typewriters.  Another 
example  is  the  felt  pad  that  is  often  used  under  some  office  machines  to 
minimize  noise  amplification.  All  of  the  applications  cited  are  primarily 
for  acoustic  noise  reduction.  This  is  the  reverse  of  the  problem  presented 
throughout  this  Design  Guide;  the  electromechanical  equipment  is  generating 
the  disturbance  and  the  surrounding  are  to  be  protected.  It  should  be 
noted  that  all,  of  the  attenuators  can  be  employed  in  this  way  and  that  the 
selection  procedure  Btill  defines  the  decision  parameters. 
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Natural  Fiber  felt*  (Wool) 


Grade 

Specific 

Gravity 

! 

Compress 

(10*  Def) 
PSI 

Coef  of 
Noise 
Reduction 

Uses 

9H3 

0.181 

3 

0.64 

Sound  Deadening 

12R1 

0.262 

6 

0.58 

Shock  Damping 

12R2 

0.262 

6 

0.58 

Vibration  Mounts 

12R3] 

12S1 

( 

0.256 

* 

0.58 

Sound  Deadening 

1252 

1253 

1254 

0.256 

18 

0.58 

Dampers 

16R2 

i6si 

0.342 

21 

0.50 

Vibration  Mounts 

1652 

1653 
l6s4 

0.342 

32 

0.50 

Vibration  Mounts 

Not  effected  by  sunlight  or  oxidation.  Excellent  stability  In  oil. 
Very  low  coef  of  thermal  expansion. 


ber  felts 


Compress 

Coef  of 

Specific 

(10%  Def) 

Noise 

Type 

Gravity 

PSI 

Reduction 

Dacron 

0.08-0.25 

1.3-5. 3 

0.59-0.69 

Polyester 

a 

Polypropylene 

0.13 

4.5 

o.6i 

Rayon  Viscose 

0.08-0.25 

2. 0-4. 2 

0.59-0.68 

Acrylic 

0.08-0.25 

2. 1-5.0 

0.59-0.68 

Nylon 

0.08-0.20 

1.5-3. 2 

0.62-0.68 

Teflon 

0.40 

6.7 

0.43 

Sound  Deadening 


Sound  Deadening 
Vibration  Mounts 


Some  are  fire  retardant,  most  shrink  and  melt. 


FELTS:  Felts  have  many  applications  In  vibration  attenuation. 
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^•etlon  3  -  Materials  C o—only  Used  for  Attenuation  Devices 
CHARACTERISTICS  OP  OTHER  SPECIAL  COMPOSITE  MATERIALS 


lbara  are  many  special  composite  materials  that  can  be  applied  to  the  shock  and 
vibration  attenuation  problem. _ 


Cork  Is  one  of  the  composite  materials  that  have  been  utilized  as  an 
attenuator  for  a  number  of  years.  It  consists  of  granules  of  pure 
cork  (a  wood  tissue)  that  have  been  compressed  and  baked  under  pressure 
to  form  blocks  or  boards.  Since  these  sheets  are  entirely  of  wood,  they 
can  be  worked  with  normal  woodworking  tools.  The  flammability  of  this 
material  can  be  reduced  through  proper  chemical  treatment.  Cork  Is 
resistant  to  sunlight,  normal  temperature  extremes,  oil,  and  water. 

Cork  Is  best  employed  In  permanent  Installations  since  it  has  a  tendency 
to  crumble.  It  works  best  with  the  "heaviest  permissible  loading  on  the 
greatest  practiced  thickness  of  cork." 

The  load  natural  frequency  and  transmlsslbillty  curves  for  cork  are  il¬ 
lustrated  In  the  accompanying  graphs. 

Granular  cork  may  also  be  utilized  as  an  in-translt  shipping  material  by 
placing  It  around  the  equipment  to  be  protected.  Other  materials 
mentioned  In  this  chapter,  such  as  the  rigid  and  pliant  foams,  may  also 
be  used  In  this  manner. 

A  recently  developed  material  which  may  prove  useful  in  shock  attenuation 
Is  a  foam  made  entirely  of  glass  or  metal.  It  Is  presently  difficult  to 
obtain  and  has  seen  little  application  to  problem  as  yet.  From  the 
nature  of  the  material,  it  should  provide  excellent  thermal  insulation 
as  a  bonus. 

A  fairly  recent  release  In  acoustic  absorbers  is  an  adhesive-backed 
flocking.  Ibis  material  appears  best  suited  as  an  acoustic  coating 
for  panels. 
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SPECIAL  COMPOSITES:  There  arc  unique  composite  materials  possessing 
suitable  properties  for  dynamic  attenuation. 
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Section  S  -  Materials  Commonly  Used  for  Attemaatlon  Devices 
A  TJMARY  OF  SPRING  ATTHTUATORS 


Spring  devices  attenuate  dynamic  excitation  primarily  from  their  resonant  response 
characteristics,  with  only  a  snail  associated  lagging  effect. _ 


The  spring  is  primarily  a  mechanism  which  stores  the  energy  applied  to  it 

and  releases  this  energy  at  a  later  time.  Some  small  losses  are  encount¬ 
ered  due  to  hystersis  damping  within  the  material  of  the  spring. 

Because  of  extremely  low  damping  properties,  spring  Isolation  systems 
exhibit  extremely  large  amplitudes  at  resonance.  Ttils  characteristic 
does  not  detract  from  the  spring's  usefulness  as  a  shock  isolator,  but 
doe6  warrant  careful  attention  whet,  using  this  type  of  element  as  a 
vibration  Isolator. 

When  spring  attenuators  are  employed  for  vibration  Isolation,  It  Is 
necessary  to  choose  the  primary  resonant  frequency  of  the  system  (equip¬ 
ment  and  attenuators)  well  below  (or  above)  any  anticipated  excitations. 

A  poor  choice  will  manifest  as  a  highly  amplified  Input,  causing  exces¬ 
sive  excursion  and  acceleration  due  to  the  resonant  effect  of  the  device. 
This  decision  factor  Is  reflected  In  the  si ngle-degree-of- freedom  response 
Illustrated  In  tne  adjacent  figure. 

Occasionally  the  designer  finds  equipment  containing  panels  that  "drum" 
or  resonate  unnecessarily  at  certain  frequencies.  A  designer  may  reduce 
this  condition  with  tuned  absorbers.  These  devices  are  merely  masses  on 
the  end  of  a  spring  (illustrated  ir>  the  accompanying  sketch).  By  forcing 
into  intentional  resonance,  they  absorb  the  energy  from  the  parent 
struct’ire  at.  discrete  frequencies  near  the  resonant  frequency  of  the 
device.  The  energy  is  then  dissipated  as  non-destructive  excursion  of 
the  spring-mass  complex. 

Many  configurations  o.  springs  are  presently  available  to  the  packaging 
designer.  These  attenuation  systems  have  become  commonplace  as  isolation 
devices.  The  materials  employed  are  as  diverse  as  the  way  the  final 
device  s  utilized.  Recent  developments  employ  glass  and  plastics  to 
complement  metal  alloys.  Springs  are  commercially  available  to  isolate 
entire  rooms;  spring  clips  small  enough  to  hold  and  isolate  electronic 
conmorients  are  examples  of  the  other  end  of  the  size  range. 
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VIBRATION  ISOLATION  WITH  SPRINGS 


SPRING  ABSORBERS 
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DTRAMIC  ATTOUATION 

SECTION  U  -  A  REVIEW  OF  ATTHTCATIOH  TBCHBiqPKB 

•  Classification  of  Electronic  Equipment  by  Level 
e  Attenuation  at  the  Component  Level 

e  Absorption  at  the  Sub-Chassis  Level 
e  Isolation  at  the  Sub-Chassis  Level 

•  Techniques  of  Chassis  Absorption 

e  Isolation  of  Chassis  With  Highly  Damped  Devices 

•  Isolation  of  the  Chassis  With  Predominantly  Resonant  Devices 
e  Use  of  Padding  at  the  Console  Level 

e  Isolation  Devices  for  the  Console  Level 
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Section  %  —  A  Review  of  Attenuation  Techniques 
CLAQSIFTCATTOH  OP  ELBCTROIIC  EQUTPMHIT  F.  LEVEL 


Tbe  electronic  equipment  my  be  divided  arbitrarily  by  level.  The  application  of 
attamuatloo  devices  will  be  diacuaaed  as  they  apply  to  each  level  grouping. _ 


When  discussing  tbe  application  of  attenuators  by  groups  or  "levels,” 
it  is  beat  to  reference  the  Packaging  Design  Handbook (22 )  and  utilize, 
a a  a  basis  of  division,  the  levels  of  electronic  equipment  established 
therein .  These  levels  are  illustrated  in  the  figure  at  the  right  and 
my  be  defined  in  ascending  order  of  assembly,  as  follows: 

Laval  1  -  The  lowest  level  of  mechanical  assembly  generally  consisting 
of  several  parts  grouped  on  a  card,  chassis,  or  module. 
Typically,  this  level  includes  circuit  cards,  cardwood  modules, 
terminal  boards,  subchassis,  etc.  This  level  is  often  de¬ 
scribed  in  term  of  a  manufacturing  process. 


Level  2  -  The  second  level  of  asseafcly  consisting  of  groups  of  "Level  1” 
assemblies.  Typically,  this  level  includes  card-mounted 
modules,  card  baskets  or  chassis,  and  assemblies  or  8ubchas6ls 
on  a  chassis. 


Level  3  -  The  third  level  of  assembly  consists  of  groups  of  Level  2" 
assemblies  into  portable  cases,  drawers ,  or  hinged  doors. 

Laval  4  -  The  fourth  level  of  assembly  is  the  highest  level  of  fabrication 
normally  used  prior  to  installation  of  equipment  for  operational 
use.  It  consists  of  groups  of  "Level  2"  and/or  "Level  3" 
assemblies  and  typically  includes  bays,  cabinets,  and  racks. 


It  should  be  realized  that  baaed  on  these  definitions,  saute  equipment  will 
overlap  definltlora.  This  causes  no  great  complication  however,  when 
selecting  and  applying  attenuators.  For  ease  of  reference,  these  levels 
have  been  labeled,  respectively:  corponent,  subchassis,  chassis,  and 
console  levels. 


As  a  result  of  the  variation  of  volumes  and  weights  involved,  some  at¬ 
tenuation  materials  are  practical  only  at  certain  levels.  An  encapsu- 
lant,  for  example,  la  recommended  for  the  chassis  level  and  console 
level  of  assembly  in  only  extreme  cases.  On  the  other  hand,  an 
elastomeric  isolation  device  would  probably  not  be  applicable  to  many 
components . 
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LEVEL  1 
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Section  4  —  A  Review  of  Attenuation  Techniques 
ATTENUATION  AT  THE  COMPONENT  LEVEL 


Attenuation  is  accomplished  at  the  component  level  primarily  by  absorption. 
Improved  structural  integrity  through  encapsulation  is  the  most  important 
method  of  absorbing  a  dynamic  disturbance. _ 


The  component  level  lends  itself  readily  to  the  application  of  encapsulants 
for  dynamic  attenuation  due  to  the  small  average  size  of  the  parts  involved. 
Thi6  encapsulation  can  involve  foam- in-place  composites,  cast- in-place 
elastomers,  a  conformal  coat,  or  just  plain  grease. 

The  foam- in-place  composites  and  ca6t-in-place  elastomers  are  readily 
adaptable  to  "Level  1"  components  since  the  volumes  involved  are  not 
usually  very  large.  Their  use  greatly  enhances  the  structural  integrity 
and  stiffness  of  the  component  in  addition  to  reducing  the  probability  of 
damage  due  to  handling.  The  repairability  of  the  encapsulated  component, 
for  example,  will  depend  upon  the  hardness  of  the  encapsulant  used  and 
the  ease  with  which  it  may  be  removed.  The  presence  of  encapsulant  will 
also  change  the  cooling  mode  of  the  component  from  convection  to  conduction. 
Thi6  can  be  important  if  the  design  has  inadequate  heat  sinking  or  is 
relying  upon  a  blast  of  air  for  cooling  the  components. 

A  technique  that  has  been  in  use  for  some  time  is  the  placement  of  silicone 
grease  under  transistors  and  other  small  components.  The  presence  of  this 
viscous  fluid  hydraulically  couples  the  component  to  its  mounting  thus 
increasing  the  unit's  structural  rigidity.  This  procedure  also  increases 
the  thermal  conductivity  to  the  heat  sink. 

It  is  possible  to  design  a  tuned  damper  which  will  absorb  some  energy  at 
the  component  level.  Cost,  however,  makes  this  technique  impractical  in 
all  but  a  few  cases.  It  is  usually  easier  and  more  effective  to  encapsulate 
the  component  or  isolate  the  next  assembly  group,  the  sub-chassis  level. 
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Encapaulant 
(Composite  or  Elastomer) 


COMPONENT  ATTENUATION :  At  this  level  of  assembly  the  primary  means 
of  attenuation  is  absorption. 
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Section  4  -  A  Review  of  Attenuation  Technique! 
ABSORPTION  AT  THE  SUB-CHASSIS  LEVEL 


Several  effective  methods  of  absorption  are  availrble  to  the  packaging  designer  at 
the  sub-chassis  level  of  assembly  Including  conformal  coating,  encapsulants,  small 
Isolators,  and  tuned  dampers. _ _ 


Many  of  the  techniques  that  are  effective  at  the  component  level  may  also 
be  applied  to  the  sub-chassis  group  (or  Level  2).  Again  either  a  foam-in- 
place  composite  or  a  cast- in-place  elastomer  may  be  efficiently  applied 
to  encapsulate  the  assembly.  A  conformal  coat  may  also  prove  useful  for 
environmental  protection  and  attenuation.  The  problem  of  repairability  of 
the  encapsulated  element  remains  roughly  the  same  as  it  was  for  the 
component  level.  Structural  reinforcement  is  still  a  significant  factor 
due  to  encapsulation,  but  the  volume  of  material  involved  in  encapsulating 
at  this  level  may  be  prohibitive. 

The  application  of  "elastomeric  sandwiches"  and  pads  is  physically  practical 
for  Level  2  absorption.  Circuit  board  dampers  are  also  commercially  avail¬ 
able  for  this  level  of  assembly. 

Another  device  which  may  be  useful  is  the  tuned  damper.  This  approach  can 
consist  of  a  mass  on  a  springy  medium,  such  as  an  elastomer  or  spring.  The 
resonating  mass  can  be  a  component  in  certain  cases  if  the  electrical  leads 
are  adequately  protected. 
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Section  k  —A  Reviev  of  Attenuation  Technique# 
ISOLATION  AT  THE  SUB-CHASSIS  LEVEL 


Isolation  at  the  sub-chassis  level  may  compliment  the  absorption  system  previously 
described  or  nay  be  used  alone  to  combat  the  dynamic  environment. _ 


Several  types  of  isolators  are  applicable  to  equipment  elements  near  the 
size  of  the  sub-chasslo  level.  When  the  sub-chassis  is  the  size  and  shape 
of  a  circuit  board,  it  is  possible  to  isolate  it  by:  applying  a  foam- 
backed  (circuit  board  isolator);  mounting  the  board  between  springs; 
mounting  it  to  an  elastomeric  isolator;  utilizing  a  woven  metal  isolator; 
applying  a  small  friction  or  viscous  isolator  which  is  available  for 
light  loads;  or  utilizing  a  combination  of  these  devices. 

Occasionally,  sub-chassis  elements  are  rather  heavy  masses  bordering  on 
the  chassis  level.  Many  of  the  above-mentioned  techniques,  however,  still 
apply,  with  the  exception  of  the  "foam- in-shear"  circuit  board  isolator" 
which  may  be  too  weak  for  the  weight  to  be  supported.  As  the  mass 
Increases  it  becomes  increasingly  important  to  orient  the  isolators  on 
an  axis  through  the  center  01  gravity  of  the  assembly.  This  orientation 
reduces  the  roll,  pitch  and  yaw  modes  of  oscillation  so  that  only  the 
translatory  modes  remain.  The  designer  should  also  note  that  a  combina¬ 
tion  device  (external  shock  absorber,  external  vibration  isolator  and/or 
internal  energy  absorber)  may  be  effectively  employed  to  attain  similar 
results.  Frequently,  more  than  one  approach  is  indicated  to  reduce  the 
excitation  to  an  acceptable  level. 


VOLUME  III 


SUB-CHASSIS  ISOLATION:  Isolators  generally  applied  to  the  sub-chassis  level 
'•arcrp  from  foam  materials  to  various  snring  devices. 
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Section  4  —  A  Review  of  Attenuatior  Techniques 
TECHNIQUES  OF  CHASSIS  ABSORPTION 


Many  of  the  chassis  level  absorption  devices  available  to  the  designer  originate 
from  attenuators  used  in  acoustical  insulating  and  air-conditioning  practice. 


The  sizes  and  masses  usually  associated  with  the  chassis  level  add  a  new 
range  of  problems  to  those  discussed  previously.  The  resonant  frequency 
of  the  structures  involved  is  sufficient  to  cause  both  acoustic  and 
fatigue  problems.  The  electronic  equipment  at  the  chassis  level  is  of 
sufficient  size  that  panels  may  occasionally  be  in  resonance  (drumming) 
with  frequency  excited  by  the  dynamic  environment.  This  problem  has 
been  defined  in  air  conditioning  systems  for  some  time;  many  of  the 
solutions  and  techniques  are  applicable  here.  These  solutions  involve 
the  use  of  foam,  felt,  cork,  elastomeric  sheet  and  similar  materials  used 
alone,  or  as  the  center  of  a  sandwich  to  damp  the  vibrating  "drumhead." 
The  sandwich  assemtly  will  absorb  more  energy  because  it  subjects  the 
medium  to  more  shear  than  the  absorption  medium  alone  would  receive. 
Careful  selec  ion  of  an  elastomeric  media  will  result  in  such  bonuses  as 
fire  retardar.ee  and  fungus  resistance.  Another  material  frequently  used 
is  undercoat.  These  absorbers  usually  have  an  asphaltic  base  which  car 
result  in  other  problems  when  used  in  military  electronic  equipment. 

The  simple  spring  mass  system  can  be  effectively  employed  to  damp  ou* 
resonanting  panels.  The  spring  may  be  composite,  elastomeric  or 
metallic  in  nature  and  the  mass  may  often  be  a  component  from  the 
electronic  equipment.  Resonant  absorbers  for  this  application  are  easily 
designed  and  tuned  for  specific  applications. 

If  the  chassis  is  not  to  be  accessible  for  repair,  it  is  then  possible  to 
fill  with  a  foam- in-place  material  that  may  range  from  rigid  to  pliant. 
The  resultant  package  would  show  an  increase  in  resonant  frequency  and 
effective  mass  through  stiffening.  Some  disadvantages  are  an  increase 
in  weight  and  additional  difficulty  in  repairing  the  unit.  Convection 
cooling  effect  is  eliminated,  which  may  result  ir.  additional  heating 
problems . 
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CHASSIS  ABSORPTION:  Adaptations  from  the  field  of  acoustics  and  air 
condi tioning. 
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Section  4  —  A  Review  of  Attenuation  Techniques 
ISOLATION  OF  CHASSIS  WITH  HIGHLY  DAMPED  DEVICES 


Chassis  may  be  isolated  with  coulombic  or  viscous  devices  as  long  as  certain 
restrictions  and  limitations  are  observed. _ _ 


The  chassis  level  of  assembly  is  usually  of  such  bulk  and  weight  to  warrent 
extra  care  in  the  application  of  various  coulombic  and  viscous  devices. 

The  coulombic  devices  include  the  common  dry-friction  absorbers,  the  woven 
metal  isolators,  and  the  relatively  new  stranded-wire  isolators.  It  must  be 
noted  that  the  dry  friction  devices  will  probably  require  the  addition  of  a 
load  bearing  spring  if  one  is  not  incorporated  into  the  isolator  design. 

The  woven  metal  and  stranded-wire  devices  usually  have  a  slightly  higher 
resonant  frequency  but  are  usually  as  easy  to  employ  as  the  dry-friction 
isolator.  There  is  also  a  larger  selection  available  than  with  the  dry 
friction  devices.  The  stranded  wire  nas  the  advantage  of  being  "tunable" 
by  clipping  the  strands  to  lower  the  resonant  frequency  or  softening  the 
isolator. 

Many  viscous  devices  are  available  to  isolate  an  assembly  of  bulk  approx¬ 
imately  the  size  of  a  chassis.  The  energy  absorption  capability  of 
cylinders  containing  liquids  can  be  altered  by  varying  aperature  size 
or  by  incorporating  tapered  pin  constrictors  within  the  aperture.  It 
may  be  necessary  to  add  a  load  spring  to  some  soft  isolators  to  prevent 
"sagging"  of  the  load.  In  other  instances,  the  springs  are  internal  to 
the  isolator.  Other  fluid  devices  which  can  be  utilized  are  the  pneumatic 
systems  such  as  air  bags,  balloons,  and  inner  tubes.  These  devices  can 
be  obtained  in  various  degrees  of  sophistication  and  with  varying  amounts 
of  damping. 
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CHASSIS  LEVEL  ISOLATION:  These  devices 
predominately  damped  isolators. 
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Section  4  -  A  Review  of  Attenuation  Techniques 

ISOLATION  OF  THE  CHASSIS  LEVEL  WITH  PREDOMINANTLY  RESONANT  DEVICES 


The  chassis  level  of  assembly  may  also  be  effectively  isolated  with  resilient  devices 
exhibiting  only  small  degrees  of  damping.  The  major  attenuation  results  from  ~he 
resonant  characteristics  of  the  system. _ 


In  addition  to  the  coulombic  and  viscous  damping  devices  previously 
mentioned,  the  other  three  classifications  of  attenuators  contain  nardware 
that  can  be  utilized  to  varying  degrees  to  this  level  of  assembly.  When 
the  decision  has  been  made  to  isolate  some  electronic  equipment,  'hen 
thought  must  be  given  concerning  how  the  equipment  will  be  used;  what 
"class"  the  equipment  is.  In  most  cases  the  equipment  will  be  subjected 
to  negative  "G"  loading  due  to  rebound  during  shock  environments. 

Excursion  must  be  restricted  for  these  negative  loadings.  Should  either 
elastomeric  or  composite  pads  be  employed,  then  they  must  be  firmly  an¬ 
chored.  They  must  act  in  both  tension  and  compression  during  excitation. 

An  additional  pad  may  be  added  that  will  receive  the  rebound  compressive 
load.  On  the  other  hand,  if  the  designer  is  only  concerned  with  the 
isolation  of  the  equipment  after  it  has  been  placed  in  a  structure  where 
negative  loads  are  not  anticipated,  the  double  mounting  is  not  required. 
These  last  three  classifications  of  attenuators  rely  more  or.  the  resonant 
properties  of  the  system.  Resonance  often  implies  rebound. 

Another  problem  which  is  present  at  this  assembly  level  is  space.  The 
type  of  isolator  selected  and  the  load  capacity  of  the  attenuator  determine 
the  size  of  the  device.  This  size  adds  to  the  volume  occupied  by  the 
electronic  equipment.  Care  should  be  exercised  to  insure  tha*  the  overall 
volume  does  not  exceed  the  maximum  allowed. 
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Section  4  —  A  Review  of  Attenuation  Techniques 


USE  OF  PADDING  AT  THE  CONSOLE  LEVEL 


Several  effective  padding  materials  are  available  to  the  designer  to  reduce  the 
dynamic  energy  transfer  at  the  console  level. _ 


The  large  resoneting  panels  sometimes  present  in  conventional  consoles  may 
best  be  deadened  by  the  use  of  composite  padding,  elastomeric  sheet,  or 
sandwiches  containing  combinations  of  these.  The  sandwich  will  absorb  the 
most  energy  per  unit  weigh* .  bu*  weight  or  space  limitations  often  restrict 
their  selection.  Some  absorption  is  possible  through  the  application  of 
flocked  foam,  precast  foam,  cork,  or  undercoa*.  These  approaches  are 
usually  incorpora'ed  for  acoustic  reasons  rather  than  struc'ural. 

Composite  and  elastomeric  pads  can  be  employed  externally  as  well  as 
in*emally.  Precast  foams,  cork,  felt,  and  elastomeric  pads  are  all 
available  to  the  designer  and  are  well  worth  consideration  for  electronic 
equipment  isolation.  Some  of  the  materials,  such  as  rigid,  closed-pore 
foam,  will  crush  under  shock,  load  and  have  to  be  replaced.  Nevertheless, 
in  some  applications  this  solution  might  be  advisable. 

The  high  roll  moment  inherent  in  the  taller  (higher  center  of  gravity) 
consoles  will  usually  necessitate  the  use  of  a  stabilizer  toward  the  top 
of  the  console.  This  requirement  is  also  present  when  the  other  kinds  of 
isolators  are  used;  that  is,  the  centroid  of  the  lines  of  action  of  the 
individual  isolators  should  coincide  as  close  as  possible  with  the  center 
of  gravity  of  the  equipment  element. 


O 
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Section  k  -  A  Review  of  Attenuat'.or  Techniques 
ISOLATION  DEVICES  FOR  THE  CONSOLE  LEVEL 


A  great  range  of  hardware  is  available  for  isolating  consoles.  The  designer  must 
choose  the  one  which  best  fulfills  his  needs. _ 


The  designer  may  choose  many  from  among  the  mechanical  devices  which  will 
isolate  a  console,  in  addition  to  the  composite  and  elastomeric  pads 
previously  mentioned.  Due  largely  to  the  number  of  manufacturers  making 
similar  products,  the  first  that  draws  attention  is  the  elastomeric  device. 
Smaller  versions  of  this  device  have  been  mentioned  in  connection  with 
isolation  of  subassemblies  and  sub-chassis  which  make  up  the  console. 

When  used  at  the  console  level,  however,  the  elastomeric  devices  are  es¬ 
sentially  scaled-up  versions  of  the  previously  discussed  hardware.  Since 
they  are  generally  located  outside  the  console,  they  are  subjected  to  more 
dirt,  oil,  and  other  contaminants  than  *  hose  located  on  the  subassemblies 
within  the  enclosure.  This  applies  to  any  isolator  used  ir.  this  location. 

Also  of  interest  to  *he  console  level  are  the  stranded  wire  isolators  and 
woven  metal  devices.  Caution  should  be  exercised  when  applying  the  stranded 
wire  devices  as  they  are  subject  to  fagigue.  This  effect,  however,  can  be 
reduced  by  deliberately  underloading  them.  With  the  larger  consoles,  an 
air  spring  can  lower  the  resonant  frequency  of  the  system  to  a  very  few  cycles. 
Additional  damping  may  be  added  in  parallel  to  reduce  resonant  excursion. 

Once  again,  if  the  console  is  tall  and  rocking  modes  can  be  visualized,  some 
form  of  stabilizer  will  be  indicated. 

The  old  standby,  the  spring,  is  quite  useful  when  combined  with  an  appropriate 
damper.  Care  must  be  used  by  the  designer  to  insure  that  the  resonant  fre¬ 
quency  of  the  system  differs  from  ar.y  excitation  range.  It  must  be  remembered 
that  the  amplification  at  resonance  is  quite  high  unless  sufficient  damping 
is  employed  in  the  system.  The  rocking  mode  of  oscillation  may  also  be 
important  when  this  type  of  attenuator  is  used.  A  stabilizer  may  be 
needed,  as  before,  to  minimize  the  overturning  effect. 
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ISOLATING  THE  C'JirOLE:  The  devices  are  similar  to  those  normally  used 
to  isolate  hassis  level  elements. 
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GLOSSARY 


Abaorb  —  To  receive  the  shock  and  vibration  energy  and  convert  a  portion 
of  the  energy  to  heat  e.g.  a  shock  absorber. 

Attenuate  -  To  reduce  the  amount  of  energy  transferred  through  a  vibrating 
system  by  either  absorption  or  Isolation  of  the  Input  disturbance. 

Damping  —  The  checking  or  lessening  of  a  dynamic  environment  usually  through 
the  utilization  of  a  contrivance. 

Excursion  -  Dynamic  displacement  of  a  system. 

Fatigue  -  The  action  which  takes  place  in  material,  especially  metals, 
causing  deterioration  and  failure  after  a  repetition  of  applied  stress. 

Fragility  -  The  qualitative  index  of  the  acceleration  load  limit  that 
equipment  can  withstand  without  damage. 

Isolate  -  To  prevent  the  shock  or  vibration  energy  from  passing  through 
as  with  a  vibration  isolator. 

Resonance  -  The  phenomenon  shown  by  a  vibrating  system  which  responds  with 
maximum  amplitudes  when  excited  by  an  applied  force  whose  frequency  is 
the  same  as  the  natural  frequency  of  the  vibrating  system. 

Resonant  Frequency  -  The  frequency  at  which  a  vibrating  Bystem  resonates. 

Shock  -  When  the  position  of  a  system  is  significantly  changed  in  a 
relatively  short  time  in  a  non-periodic  manner.  It  is  characterized 
by  suddenness  and  large  displacement,  and  develops  significant  internal 
forces  in  the  oystem.  (l) 

Structural  Improvement  -  The  redesign  of  electronic  equipment  so  as  to 
improve  the  survivability  and  reliability  of  the  equipment  when  sub¬ 
jected  to  dynamic  environments. 

Tranamlsslblllty  -  The  ratio  of  the  energy  transferred  through  an  object 
to  the  energy  applied.  If  the  ratio  is  greater  than  one,  amplification 
is  occurring;  if  the  ratio  is  leBs  than  one,  attenuation  is  occurring. 

Vibration  -  A  mechanical  oscillation  or  motion  about  a  reference  point 
of  equilibrium.  (2) 
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ATTENUATOR  MANUFACTURERS 


AIR-LOCK  PRODUCTS 
FRANKLIN,  MASS. 

Vinyl-bonded  cork  &  sizal  sheet,  pads 

AMERICAN  FELT  COMPANY 
tT .  1 1  iT  iK ,  CONN . 

Felt  pads,  wool  and  synthetic  fiber  felt 

ARNO  ADHESIVE  TAPES,  INC. 

MICHIGAN  CITY,  IND. 

Low-density  urethane  foam  tape 

BARRY  CONTROL 
WATERTOWN  72,  MASS. 

Elastomer  mounts,  springs  with 
friction  air  springs 

BLOCKS  ON  &  COMPANY 
MICHIGAN  CITY,  IND. 

Bonded  curled  hair,  sheet  k  molded 

BUSHING  INC. 

ROYAL  OAK,  MICH. 

Elastomer  bushings  &  mounts 

CLEVTTE  HARRIS  PRODUCTS 
MILAN,  OHIO 

Elastomer  mounts  with  foam  damping; 
tubular  mounts  and  bushings 

CONSOLIDATED  KINETICS  CORF. 

COLUMBUS  15,  OHIO 

Glass  fiber  sheet,  pads  &  mounts 

DOW  CORNING  CORP. 

MIDLAND,  MICHIGAN 
Elastomer  sheet,  liquid,  foam 

FILTERS  CO.,  UNISORB  OIV. 

BOSTON  11,  MASS. 

High-density  felt,  sheet  and  pads 

FIRESTONE  INDUSTRIAL  PROD.  CO. 
NOBLESVILLE,  INC. 

Air  springs,  elastomer  mounts 

GENERAL  ELBCTRIC  CO . 

SILICONE  PRODUCTS  DEPT. 

WATERFORD,  N.  Y. 

Elastomer  sheet 


GENERAL  TIRE  k  RUBBER  CO. 

LOGAN SPORT,  IND. 

Bonded  and  unbonded  elastomer  bush¬ 
ings  &  mounts;  air  springs 

GIRDER  PROCESS  INC . 

I  ACKENSACK,  N.J. 

Sponge  rubber  sheet  k  tape 

HAMILTON  KENT  MFG.  CO. 

KENT,  OHIO 
Neoprene  shear  pads 

HENRITE  PRODUCTS  CORP 
MORRISTOWN,  7ENN. 

Bonded  plate,  ring  k  tubular  mounts 

INTEGRATED  DYNAMICS  INC. 

BUFFALO,  N.  Y. 

Viscous  shock  absorbers 

K.  W.  JOHNSON  k  CO.,  INC. 

DAYTON  4,  OHIO 

Steel  spring  mounts,  wire  mesh 
damping 

KORFUND  DYNAMICS  CORP. 

WESTBURY,  N.  Y. 

Cork  k  elastomer  pads  k  mounts, 
steel  springs  with  friction  and 
wire  mesh 

LORD  MANUFACTURING  CO. 

ERIE,  PA. 

Bonded  elastomer  plate,  sandwich  k 
tubular  mounts;  steel  springs 
with  friction 

MB  ELECTRONICS 
NEW  HAVEN  8,  CONN. 

Rubber  &  Neoprene  pads;  elastomer 
plate  k  shear  mounts;  steel  springs 

OHIO  RUBBER  COMPANY 
WILLOUGHBY,  OHIO 

Bonded  elastomer  plate,  sandwich  k 
tubular  mounts 

ROBIN  TECH  INC. 

BURBANK,  CALIF. 

Knitted  mesh,  steel  spring  with 
mesh  &  elastomer  snubber, 
elastomer  mounts 
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TECHNICAL  WIRE  PRODUCTS 
CRANFORD,  N.  J. 

Metal  mesh 

VIBRATION  ELIMINATOR  CO. 

LONG  ISLAND  CITY  1,  N.  Y. 

Cork,  rubber  &  steel  spring  rails,  bases 

VIBRATION  MOUNTING  AND  CONTROLS  INC. 
CORONA,  N.  Y. 

Cork  &  bonded  elastomer  pads  & 
mounts.  Steel  springs  with  snubbing 

VIBRO  DYNAMICS  CORP. 

BROOKFIELD,  ILL. 

Elastomeric  isolators 

WESTERN  FELT  WORKS 
CHICAGO  23,  ILL. 

Felt  pads,  wool  &  synthetic  fiber  felt 

EERO  MANUFACTURING  CO. 

BURBANK,  CALIFORNIA/ MUNSON,  MASS. 
Polyurethane  Foam  Cushioning 
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ILLUSTRATIVE  PROBLEM  ON  ATTENUATION 


PROBLEM:  Consider  an  electronics  package  as  shown  in  Figure  1  with  the 
Indicated  fragility  curve  which  has  been  empirically  determined.  IMs 
package  is  to  be  used  as  Class  III  or  Class  VI  (helicopter)  equipment, 
depending  upon  the  specific  application  chosen  by  various  users.  The 
environments  which  will  be  imposed  upon  this  package  are  shown  in 
Figures  2  and  3.  The  equipment  designer's  problem  is  to  choose  from 
those  Isolators  available  to  him  (for  problem  simplicity  the  two 
isolators  of  Figure  k)  the  proper  isolator  such  that  the  equipment  pack 
age  will  never  experience  a  loading  which  exceeds  the  fragility  curve 
limits. 

SOLUTION:  For  ease  of  illustration,  the  example  problem  is  limited  to 
one -degree-of-f reed cc  and  the  input  excitations  on  the  following  pages 
are  applied  in  the  vertical  direction.  Likewise,  this  problem  compares 
only  two  isolation  systems,  whereas  in  actual  problems  one  may  have  to 
consider  a  much  larger  group  of  possible  isolators. 

From  Figures  1  and  4,  one  can  Immediately  calculate  the  basic  parameters 
describing  the  two  candidate  isolation  systems.  Using  four  isolators 


symmetrically 

located 

gives: 

f 

1 

.  9.9  Hz 

nl 

2ir  1 

|  80 

f  = 

—  1 

Jtmm  ,  i9.a  Hz 

n2 

2* 

1  80 

Ir  addition,  from  the  transmisslbility  curves  (Figure  t)  we  calculate: 

Q  =  7.J  or  ^  =  7.15  percent 

Q  --  5.0  or  f  =10.0  percent 

C.  £ 

Having  the  above  parameters  which  describe  the  Isolation  systems,  we  pro¬ 
ceed  accordingly  to  the  theory  outlined  in  Section  3  of  Volume  II.  The 
first  step  is  to  determine  the  composite  (most  severe)  envelope  for  each 
type  of  excitation.  Note  that  Class  III  does  not  have  a  sinusoidal 
environment  specified  nor  does  Class  VI  have  a  random  input  specification: 
therefore,  the  composite  envelopes  are  made  up  from  the  random  excitation 
of  Class  III  (Figure  2),  the  sinusoidal  inputs  of  Class  VI  (Figure  3  - 
helicopter),  and  a  superposition  of  the  shock  spectra  from  Class  III  and 
VI  which  i6  shown  in  Figure  5. 

The  next  calculations  pertain  to  the  actual  determination  of  the  anti¬ 
cipated  responses  of  the  two  isolation  systems  to  the  imposed  environment 
as  given  in  Figures  2,  3,  and  5. 


Sinusoidal  Response:  In  Section  3  of  Volume  II  it  is  shown  that  the^ 
transmissitility  of  an  Isolator  may  be  written  (for  the  one-degree-of- 
freedom  model)  as; 
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This  equation,  in  fact,  describes  the  two  transmissibility  carves  given 
in  Figure  h.  Multiplying  the  transmissibility  curve  (point  by  point) 
times  the  sinusoidal  input  from  Figure  3  determines  the  sinusoidal  vibra¬ 
tion  level  imposed  on  the  package  by  the  isolation  systems  (shown  in  the 
table  below  as  values  of  E_).  These  two  results  are  superimposed  on  the 
same  plot  with  the  fragility  curves,  shown,  in  Figure  l(b). 
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Random  Response:  Using  Equation  (i.),  Section  3,  Volume  II,  Page  3-4, 
3  cr  responses  are: 

GrmSi  -  y*  2  (y.f-)  (7.0)  (0.3)  =  5-7 

G  (3*)  3x5-7  17.1  g's 

sel 

G~s.  ir'2  (19-3)  (°-3)  6.6 

••Gse2  ^  20’5  S’» 

Note  in  Section  3  that  the  3<r  levels  were  taicen  to  be  the  design  peak 
levels . 


Shock  Response:  From  the  shoes  spectra  plot  given  in  Figure  £  one  finds 
that  the  response  of  these  two  systems  to  the  specified  shock  input  will 
be: 


G  =  11.5  g’s  at  f,  9.9  Hz 

3^2  i4l 


G 

se 


2 


£3.5  g’s 


at  fr 


10,5 


Hz 


Moreover,  converting  these  responses  to  pseudo  response  displacements 
(relative  isolator  displacement)  gives: 


Jse 


1.15  in. 


3.1322  f„  3.1322  (  }. 
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53-5 

X?  =  - -  =  1.32  inches 

0.1022  (19-9)2 

Note  that  with  system  B  the  isolator  will  bottom  out  under  shock  which  is 
not  acceptable,  however,  the  travel  for  isolator  A  is  acceptable.  It 
should  be  noted  that  the  problem  of  isolator  selection  is  most  critical  in 
in  this  particular  area  -  allowable  travel  without  bottoming. 

Problem  Simmary;  Having  determined  the  response  of  the  two  isolation 
systems  to  the  three  environments,  the  remaining  comparison  is  tc  deter¬ 
mine  if  the  fragility  limits  are  exceeded  in  any  instance.  This  compari¬ 
son  is  shown  in  Figure  l(b).  Note  that  isolator  A  will  limit  the  excita¬ 
tions  to  the  package  below  exceptable  limits  for  all  three  environments. 
Isolator  B,  however,  performs  as  desired  only  in  the  sinusoidal  vibration 
mode  with  the  random  and  shock  responses  being  in  excess  of  the  allowable 
limits.  Therefore,  Isolator  A  provides  the  acceptable  system. 
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ILLUSTRATIVE  PROBLB*  ON  ATTENUATION  (Continued 


RANDOM  EXCITATION 
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FIGURE  2  -  INRJT  EXCITATIONS  FOR  EQUIMENT  CLASS  III 
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CHAPTER  10 

MATERIALS  AND  PROCESSES 


ABSTRACT: 

Balanced  structural  design  of  equipment  constained  to  survive  the  Army 
shock  and  vibration  environments  Involves  the  consideration  of  a  material's 
resistive  capability  In  the  light  of  the  environmental  pressure;  that  is, 
the  balance  of  environmental  stress  with  dynamic  structural  Integrity. 
Dynamic  Integrity  of  dynamic  strength  as  it  is  used  here,  is  the  Inherent 
load  carrying  capability  of  the  structural  material  as  modified  by  the 
particular  manufacturing  process  employed  to  accomplish  the  package 
geometry.  This  dynamic  strength  quality  of  the  engineering  material  also 
encompasses  the  properties  of  toughness  and  resilience;  properties  which 
are  modified  by  the  material  processes  employed.  Hiis  chapter  discusses 
some  of  the  important  aspects  of  this  interrelationship  -  material 

capability-manufacturing  procedures -material  processes . and  their 

influence  on  the  dynamic  structural  integrity  of  the  equipment  package. 
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BCTHPTH  AS  A  PUHCTIOH  OP  MATERIAL  CHARACTERISTICS  AHD  FABRICATION  PROCESSES 


Dm  evaluation  c t  the  dynanlc  structural  integrity  In  an  electronic  equipment  package 
la  the  process  of  comparing  Imposed  stress  and  energy  with  Inherent  strength  and 
toughness.  The  upper  limit  of  dynamic  strength  Is  the  ultimate  resistive  capability 
of  the  structural  material;  the  fabrication  process  may  enhance  or  diminish  these 

^SS±t _ 

Balanced  design  for  dynamic  structural  Integrity  In  an  electronic  equipment 
element  is  a  comparative  process.  That  is,  the  evaluation  of  the  loads 
induced  within  the  equipment  from  the  dynamic  environment  with  respect  to  the 
Inherent  resistance  capability  of  the  structural  package.  The  dynamic  stress 
induced  in  the  structure  is  a  function  of  the  input  excitations  as  modified 
by  the  structural  response  of  the  package .  Response  is  known  to  be  parti - 
cularly  sensitive  to  natural  frequency  and  daapiig  characteristics.  In 
addition,  some  residual  locked-in  stresses  often  result  from  thermal  differ¬ 
ences  encountered  during  fabrication. 

The  strength  capability  of  the  equipment  package  conversely,  is  determined 
by  the  intrinsic  resistance  of  the  material  to  dynamic  loads,  as  Influenced 
by  the  fabrication  technique  employed  to  construct  the  package.  The  de¬ 
signer's  task  then,  is  the  comparison  of  strength  capability  with  environ¬ 
mental  input  and  evaluation  of  the  resultant  safety  margin.  Obviously,  equal 
attention  must  be  given  both  sides  of  the  equation  to  gain  a  high  probability 
of  success. 

Volume  II,  "Analytical  Procedures"  treats  the  problem  of  Inputs,  transfer 

functions,  and  structural  responses.  This  chapter  will  outline  the  important 
details  of  the  material  and  fabrication  processes  as  relates  to  their  tough¬ 
ness  and  strength  characteristics. 

Strength  nay  be  considered  to  be  the  ultimate  or  highest  load  resistance 
capability  of  a  material  at  the  instant  Just  prior  to  failure.  Thus,  strength 
must  be  defined,  or  at  least  bounded,  by  a  firm  definition  of  failure. 

Failure  is  an  electronic  equipment  package  is  often  a  functional  Interruption. 
Failure  in  mechanical  system  may  be  the  fracture  of  the  material;  an  excessive 
excursion  or  elastic  deformation;  or  a  plastic  deformation  which  places  the 
components  out  of  orientation. 

The  material  characteristics  of  importance  to  the  electronic  equipment 
packaging  Engineer  are  all  those  characteristics  which  Influence  the  mater¬ 
ial's  resistance  to  failure.  These  characteristics  are  classically  measured 
in  the  ttete rials  laboratory  by  tensile  testa,  fatigue  tests,  various  impact 
tests,  and  assessment  of  certain  physical  properties  such  as  conductivity, 
hardness,  micro-structure,  and  chemical  composition. 

The  fabrication  techniques  that  influence  dynamic  structural  integrity  are 
those  which  have  an  effect  on  the  Inherent  fracture  resistance  of  the  basic 
structure.  In  simple  approximation,  moat  fabrication  processes  tend  to 
diminish  the  basic  material  strength  or  toughness;  an  example  of  this  type 
of  fabrication  procedure  is  a  riveted  connection.  The  material  in  the  Joint 
is  removed  to  permit  installation  of  the  fastener.  The  discontinuity  also 
creates  a  load  magnification  due  to  stress  concentration.  The  net  effect  is 
then  generally  deleterious  to  the  parent  material,  and  acme  Increase  in 
material  bulk  is  indicated  to  compensate  for  the  Increased  stress. 
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Fabrication  techniques  ray  also  have  an  important  influence  on  dynamic 
Integrity  where  failures  get  built  into  the  structure,  such  as  a  non-pene- 
trated  weld  or  a  heat  effected  zone.  Proper  balance  in  the  selection  of 
fabrication  process  for  a  given  situation  car^  however,  improve  the  long¬ 
time  material  strength  and  toughness. 

Material  finish  affects  both  equipment  strength  and  appearance.  An  example 
is  the  coating  or  surface  protection  afforded  by  various  cases,  clads, 
and  finishes  used  in  the  electronic  packaging  industry.  The  effect  is 
to  insulate  the  parent  material  from  the  corrosive  environment,  and  hence 
protect  the  surface  and  minimize  fatigue  failures  emanating  from  the  surface. 
It  is  apparent  that  surface  finish  considerations  are  critical  to  proper 
selection  of  the  fabrication  process,  particularly  in  fatigue  situations. 


DYNAMIC  STRESS  AND  STRENGUJ:  Material  capabilities,  factored  by  the 
limitations  of  the  fabrication  process,  are  the  basis  of  dynamic  strength 
which  must  compare  favorably  with  dynamic  stress. 
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DESIGN  IMPLICATIONS  OF  THE  PHYSICAL  PROPERTIES  OF  MATERIALS 


A  working  knowledge  of  the  physical  properties  of  engineering  material  is  the  basis 
for  good  design.  These  physical  characteristics  of  importance  are  derived  from  a 
series  of  standard  tests  as  well  as  the  assessment  of  the  material's  metallurgical 
properties . 

'Hie  discipline  of  good  material  selection  habits  for  the  structural  design 
engineer  begins  with  a  thorough  understanding  of  the  moie  important  physical 
characteristics  of  the  materials  themselves.  Important,  that  is,  to  the 
structural  dynamic  integrity  of  equipment  package  and  its  support  structure. 
The  design  task  is  one  of  matching  those  desirable  characteristics  known  to 
have  an  Influence  on  the  material  response  to  the  dynamic  environment,  with 
the  proper  choices  available  to  the  designer.  These  characteristics  include 
selection  of  the  best  material  group,  the  selection  of  the  optimum  alloy 
within  that  group,  the  choice  of  optimum  heat  treatment  for  the  alloy,  con¬ 
sideration  of  its  susceptibility  to  other  environmental  influences,  designing 
the  most  efficient  method  of  Joining  and  fabricating  the  structure  from  the 
alloy,  and  the  choices  of  surface  finish.  The  degree  of  skill  that  the 
designer  can  muster  in  dealing  with  these  Important  choices  (and  there  are 
many  more  than  are  listed)  will  to  a  large  extent,  dictate  the  ultimate 
capability  of  the  package  to  insulate  the  dynamic  environment  away  from  its 
fragile  components . 

The  traditional  stress-strain  plot  which  yields  many  of  the  familiar  physical 
material  properties,  results  from  a  rather  straightforward  tensile  test;  a 
testing  technique  familiar  to  the  metallurgist  for  many  years.  Parallel 
information  is  also  available  from  an  assortment  of  simple  tests,  similar  to 
the  tensile  test.  Load -deflection  plots  obtained  from  standard  shear,  bend¬ 
ing,  torsion,  and  compression  tests  heavily  influence  the  selection  of  the 
manufacturing  technique  for  a  given  material. 

The  Importance  of  these  physical  properties  to  the  equipment  packaging  de¬ 
signer  lies  in  their  influence  on  the  material  resistance  to  dynamic  loadings. 
The  correlation  of  static  tensile  properties  with  fatigue  resistance  in 
structural  materials  for  example,  is  not  always  linear.  The  comparison  of 
impact  resistance  with  these  static  properties,  however,  is  more  direct,  and 
a  conservative  analysis  may  be  made  on  the  basis  of  equivalent  static  load 
or  acceleration,  using  the  static  properties  from  the  stress-strain  curve. 

There  is  a  range  of  other  tests  for  physical  properties  worthy  of  note  to 

the  structural  engineer,  many  of  which  are  directed  toward  specific  dynamic 
characteristics.  Fatigue  tests  for  example  ere  the  basis  of  an  entire 
science  of  physical  metallurgy  of  materials  subjected  to  repetitive 
loads.  Properties  obtained  from  the  fatigue  tests  include  endurance  limit, 
fatigue  strength  for  a  finite  number  of  load  iterations,  notch  sensitivity, 
and  life  expectancy. 

Many  of  the  standard  impact  tests  yield  data  on  material  strength  directly 
applicable  to  the  shock  impact  problem.  Energy-to-failure  information  may  be 
obtained  from  the  Charpy-Izod  type  impact  tests  for  specimens  with  various 
notches(9).  Other  impact  tests  have  been  devised  to  obtain  material 
resistance  data  for  a  variety  of  loading  situations,  such  as  torsion, 
tens 'on,  and  bending  (9).  The  design  task  is  one  of  matching  the  type  of 
impulsive  loading  anticipated  in  a  member  with  the  c.vailable  test  data, 
for  a  given  engineering  material. 
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Many  of  the  ether  important  characteristics  of  interest  to  the  designer 
are  inherent  metallurgical  properties  of  the  material.  Data  on  damping, 
isotrophy,  creep  resistance,  corrosion  resistance,  hard  ess  and  harden- 
ability,  among  many  others,  must  be  factored  into  the  final  decision  as  to 
be  used  in  a  given  equipment  packaging  situation.  This  chapter  will  out¬ 
line  the  Qualitative  aspects  of  this  decision  matrix,  and  provide  some 
ground  rules  for  the  application  of  common  engineering  materials  and 
fabrication  processes  to  the  equipment  packaging  problem. 


PERTINENT 

LABORATORY  TESTS  FOR  MATERIAL  CHARACTERISTICS 

• 

Tension,  compression 

• 

Bending,  torsion 

• 

Impact,  fatigue 

• 

Wear,  corrosion 

• 

Hardness,  hardenability 

PHYSICAL  PROPERTIES  OF  IMPORTANCE  TO  THE  DYNAMIC 

INTEGRITY 

1 

< 

• 

Toughness,  strength,  ductility 

• 

Stiffness,  resilience 

• 

Isotropy,  homogeniety 

• 

Environmental  resistance 

• 

Creep  resistance 

• 

Damping  ability 

• 

Heat  treat  capability 

MATERIALS  TESTING:  Laboratory  tests  conducted  under  controlled  conditions 
yield  useful  data  on  a  material’s  resistance  to  impulsive  and  repetitive 
load!  legs. 
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THE  IMPORTANCE  OF  FABRICATION  TECHNIQUES  TO  EFFECTIVE  EQUIPMENT  PACKAGING 


The  fabrication  processes  employed  in  an  equipment  package  serve  to  limit  the  inherent 
material  capability.  Fabrication  techniques  include  Joining,  forming  and  surface 
treatment  and  are  closely  related  to  material  properties  and  heat  treatment  selection 
criteria. _ 


Effective  structural  design  for  electronic  equipment  packages  is  the  proper 
balance  of  material  characteristics  and  optimum  fabrication  processes.  If 
material  properties  may  be  likened  to  heredity  in  human  development,  then  the 
fabrication  procedure  is  analogous  to  the  environmental  limitations.  The 
construction  technique  may  at  best  develop  only  the  inherent  strength  capa¬ 
bility  of  the  basic  material;  at  worst,  the  process  may  limit  the  strength 
of  the  fabricated  structure  to  a  small  fraction  of  its. potential.  The 
fabrication  technique  employed  to  package  electronic  components  must  be 
selected  to  enhance  and  protect  the  base  material  as  much  as  practical.  The 
designer  must  match  the  two  characteristics  to  optimize  the  structural 
integrity  of  the  package. 

Fabrication  processes  include  the  functions  of  forming  and  joining  base 
materials  into  an  an  acceptable  package.  The  technique  also  interfaces  the 
discipline  of  component  location  due  to  function,  cooling,  access,  fragility, 
ami  other  system  constraints.  Fabrication  processing  also  includes  con¬ 
sideration  for  material  heat  treatment  and  surface  finish,  and  appearance 
of  the  final  nroduct. 

Joining,  as  a  subdivision  of  the  fabrication  processes,  may  be  further 
broken  down  into  three  main  categories:  joining  by  mechanical  means; 

Joining  by  welding,  brazing,  or  soldering;  and  Joining  by  adhesives. 

Forming,  the  second  fabrication  process  category,  may  also  be  subdivided  into 
three  groups:  forming  by  casting  and  molding;  forming  by  material  removal; 
and  forming  by  material  deformation. 

Design  decisions  concerning  the  fabrication  processes  of  joining  and  form¬ 
ing  are  incomplete  without  due  consideration  for  the  material's  inherent 
capability  to  have  the  process  performed  upon  it.  Obviously,  seme  materials 
are  more  readily  machined,  or  cast,  oi  welded,  than  others.  In  fact,  great 
differences  in  fabrication  ease  exist  between  alloys  of  the  same  material 
group.  A  case  in  point  i6  the  range  of  weldability  of  the  aluminum  alloys. 
Thus,  consideration  for  the  formability  and  Joinability  of  the  material  con¬ 
templated  for  use  in  a  given  structure  must  be  evaluated  before  the  final 
decision  on  fabrication  technique  can  be  made.  These  characteristics  are 
really  material  properties,  but  6erve  to  emphasize  the  necessary  balance 
between  materials  and  processes  in  good  design. 

Surface  finish  is  another  example  of  haw  material  properties  heavily  influ¬ 
ence  the  characteristics  of  the  manufacturing  technique.  The  surface  pro¬ 
perties  of  the  finished  structure  are  vitally  important  to  dynamic  integrity 
since  most  fatigue  failures  emanate  from  surface  discontinuities  or  anamolies . 
The  susceptibility  of  the  material  to  scratches,  blemishes,  pits  and  surface 
decarburization  will  dictate  to  the  designer  the  optimum  material  for  a 
given  manufacturing  process.  Similarly,  the  ability  of  the  material  to  be 
formed  without  tearing  or  chipping  will  influence  the  selection  of  best 
forming  and  Joining  process  for  a  given  engineering  material. 
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Surface  protection  is  also  important  to  the  equipment  structure  in  the 
service  environment.  The  designer  must  select  a  surface  finishing  process 
that  will  protect  and  enhance  the  inherent  physical  properties  of  the 
structural  material.  This  is  particularly  true  of  corrosive  environments 
where  surface  pitting  may  provide  the  nucleus  for  a  fatigue  crack.  Material 
removal  by  corrosion  may  cause  a  functional  failure  in  service  long  before 
the  design  life  of  the  equipment  has  been  reached.  Proper  surface  treat¬ 
ment  thus  serves  to  protect  the  properties  inherent  in  the  material. 


DESIGNING  FOR  STRUCTURAL  INTEGRITY:  Strength  begins  with  the  inherent 
physical  properties  of  the  material  as  developed  by  heat  treatment.  The 
fabrication  process,  sealing  provisions,  and  surface  treatment  enhance 
and  protect  these  properties. 
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TOE  CIA3SIC  3TRBBS-STRAI5  CURVE  AS  AH  IHDICATOR  OP  MATERIAL  PROPERTIES 


The  physical  properties  derived  frcsi  the  tensile  stress -strain  plot  hare  long  been 
used  as  a  aeasure  of  the  iaportant  aaterial  aharacteristlcs .  Soae  of  these  charac¬ 
teristics  correlate  well  with  the  dynamic  properties  of  Interest  to  the  pacnagli^ 


The  standard  tensile  test  is  performed  on  spedaens  with  a  two-inch  gage 
length,  and  a  diameter  of  about  one  half  inch.  Idle  specimens  are  stressed  in 
tension  and  the  independent  variable  is  the  increment  of  applied  tensile 
force.  The  extension  over  the  tvc  inch  length  is  measured  for  each  force 
interval,  and  subsequent  stress-strain  plot  made .  The  streas  la  classically 
calculated  on  the  basis  of  original  cross-sectional  area.  The  adjacent  figure 
illustrates  a  typical  stress-strain  plot  for  a  ductile  aaterial  tested  in 
tension,  and  delineates  the  physical  characteristics  which  way  be  measured 
from  it. 


may  of  the  familiar  material  physical  properties  are  derived  froa  the  stress 
strain  plot.  These  aaterial  characteristics  include  stiffness  (measured  by 
the  elastic  modulus,  or  slope  of  the  elastic  portion  of  the  plot);  toughness 
(proportional  to  the  area  under  the  entire  stress  strain  curve);  resilience 
(a  aeasure  of  s  aaterial’ s  ability  to  store  and  release  energy,  proportional 
to  the  area  under  the  elastic  portion  of  the  curve);  ductility  (measured  by 
the  total  extension  of  the  test  specimen  to  failure);  and  a  variety  of 
strength  values,  such  as  ultimate  strength,  elastic  limit,  yield  strer^th 
and  proportional  limit. 


Stiffness,  as  measured  by  the  elastic  modulus,  is  perhaps  the  most  iaportant 
of  the  tensile  properties.  Since  natural  frequency  of  a  structural  member 
is  proportional  to  the  square-root  of  the  spring  constant  of  the  aystsa,  a 
significant  range  of  values  is  available  to  the  designer.  The  elastic  modu¬ 
lus  is  the  spring  rate  of  the  aaterial  since  it  relates  the  rate  of  deflec¬ 
tion  of  the  arterial  to  the  stressing  force.  A  glance  at  a  table  of  elastic 
moduli  1  for  the  common  structural  materials  (5)  reveals; 


Magnesium  alloys 
Cast  irons  and  steels 
Titanium  alloys 
Aluminum  alloys 
Steel  alloys 


E  -  6.5  x  106  pel 
E  -  10-20  x  10°  pel 
E  -  16  x  10®  psl 
E  =  10  x  10~  pal 
E  «  30  x  106  pel 


Thus  the  designer  nay  vary  the  natural  frequency  of  a  structure  by  J 30/6.5, 
or  about  two,  merely  by  sutatltutlng  steel  for  magnesium  and  v'thout  changing 
the  geometry  of  the  member. 


The  modulus  of  resilience  also  reflects  the  stiffness  parameter,  as  well  as 
the  yield  strength  of  the  aaterial,  since  it  is  proportional  to  the  area 
under  the  elastic  portion  of  the  curve.  Since  moat  acceptance  criterion 
requires  no  appreciable  permanent  set  after  stressing,  a  high  modulus  of 
resilience  is  desirable  in  most  structural  applications. 


The  importance  of  ductility  and  toughness  to  structural  packages  is  often  not 
completely  understood.  Both  of  these  material  parameters  are  dependent  upon 
the  extension  of  the  material  at  rupture .  A  high  percent  elongation  means 
high  ductility  and  high  touchness  modulus  (for  the  same  strength  levels). 

The  deformation  involved  is  almost  completely  plastic;  thus,  nominal  failure 
of  the  package  nay  have  already  occurred  due  to  excessive  plastic  excursion. 


( 
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Hie  toughness  property  does,  however,  provide  a  measure  of  the  energy  re¬ 
quired  to  cause  rupture  of  the  material,  a  factor  of  importance  to  struc-  * 
ture  constrained  to  remain  intact  after  impact. 

The  relationship  of  material  tensile  strength  to  fatigue  strength  is  not 
always  linear.  Comparisons  of  fatigue  strength  with  ultimate  tensile 
strength  for  most  steel  alloys  appears  to  be  quite  predictable,  while  the 
same  is  not  true  for  the  connon  aluminum  alloys  (3).  Hie  magnesium  alloys 
and  the  copper,  copper-base,  and  nickel-base  alloys  exhibit  a  linear  rela¬ 
tionship  between  fatigue  and  tensile  strengths,  but  with  a  large  scattering 
of  results. 

In  general,  tensile  strength  (implying  toughness)  is  a  reasonable  estimate 
of  resistance  to  impact  loads.  For  most  common  structural  materials,  the 

variation  is  direct.  In  fact,  increases  in  loading  rate  or  strain  rate 
are  known  to  Increase  the  apparent,  yield  and  ultimate  strength  of  common 
materials  (7).  This  is  particularly  true  of  the  ductile  alloys,  such  as 
copper,  magnesium,  aluminum  alloys,  irons  and  moat  steel  alloys. 


THE  STRESS-STRAIN  CURVE:  The  physical  properties  derived  from  this  classic 
plot  define  many  important  material  characteristics. 
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MATERIAL  FRO  •'HOT ES  DERIVED  FROM  THE  FATIGUE  TEST 

Fatigue  test  data,  cumulative  and  probable  damage  criteria,  and  early  crack  detection 
are  the  most  effective  design  tools  for  dealing  with  repetitive  stress  situations. 


Material  failure  from  vibration  excitations  is  usually  a  fatigue  fracture 
which  propagates  from  a  scratch,  crack.  Joint  or  area  of  high  stress  con¬ 
centration  due  to  a  geometric  discontinuity.  Other  types  of  fatigue  fail¬ 
ures  may  be  caused  by  resonant  ringing  of  structure  which  has  been  excited 
by  Impact.  In  either  case,  the  physical  characteristics  which  describe  a 
material's  ability  to  withstand  these  repetitive  excitations  are  fatigue 
properties  and  relative  values  may  be  extracted  from  fatigue  test  data. 

Fatigue  tests  are  commonly  conducted  on  specimens  containing  varying  notches 
and  surface  finishes.  The  familiar  rotating  beam  test  provides  stresses 
that  are  completely  reversed  in  bending;  the  outer  fiber  of  the  specimen 
experiences  stresses  ranging  from  100  percent  tension  to  100  percent  com¬ 
pression.  A  variation  of  this  test  is  also  available  where  the  amount  of 
stress  reversal  Is  investigited  through  a  range  of  stress  ratios.  Thus 
data  is  available  on  bending  fatigue  for  virtually  any  mean  stress  and 
fluctuating  stress  level.  The  concept  of  stress  ratio  is  illustrated  in 
the  accompanying  figure. 

Other  fatigue  tests  have  been  devised  to  duplicate  a  variety  of  loading 
modes,  such  as  torsion,  axial  loads,  or  combinations  of  stressing  methods. 

In  addition,  standard  tests  are  conducted  on  notched  and  unnotched  speci¬ 
mens  to  evaluate  the  effect  of  stress  raisers  in  the  test  material.  This 
gives  rise  to  the  notch  sensitivity  parameter,  which  is  the  ratio  of 
endurance  limits  for  plain  versus  notched  specimens.  This  is  a  very 
important  material  characteristic  which  correlates  material  properties 
with  the  geometric  stress  concentration  factor  and  fatigue  strength 
reduction  factor(5). 

The  data  collected  during  a  fatigue  test  is  customarily  plotted  into  a 
stress  versus  number-of-stress-i ‘orations  format.  This  is  the  familiar 
S-N  curve,  illustrated  in  the  adjacent  figure,  and  is  the  basis  for  the 
physical  parameters  assocated  with  fatigue. 

Two  concepts  of  interest  to  the  designer  are  probable  damage  and  cumulative 
damage  of  engineering  materials  subjected  to  repetitive  stress.  The  prob¬ 
able  damage  region  of  the  S-N  curve,  illustrated  at  right,  means  that  any 
stress  cycles  experienced  within  that  region  will  probably  result  ir.  some 
degradation  of  the  material's  mean  fatigue  curve,  and  hence  endurance 
limit.  Cumulative  damage  theory  states  that  the  summation  of  overstress 
(i.e.,  above  the  material  endurance  limit)  experiences  is  predictable. 

This  theory,  first  stated  by  Minor(l°),  may  be  written  analytically: 


where  ni,  n2,  etc.  represent  the  number  of  stress  cycles  at  specific  over- 
stress  levels,  and  Ni,  N2,  etc.  represent  the  mean  fatigue  life  at  these 
stress  levels.  This  concept  enables  the  designer  to  closely  approximate 
the  anticipated  experiences  of  repeated  stress  in  the  equipment  package, 
even  if  the  summation  is  not  exactly  unity. 
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A  major  drawback  in  the  evaluation  of  fatigue  problems  in  existing  structures 
is  the  early  detection  of  fatigue  cracks.  Fatigue  failures,  unlike  elastic 

fracture,  will  give  warning  of  an  incipient  fatigue  fracture  only  if  intense 
and  continuous  observation  of  the  structure  is  practical.  There  are  a 
number  of  non-destructive  test  methods  available  for  the  early  detection 
of  the  presence  of  surface  nucleii  from  which  a  fatigue  crack  could  pro¬ 
pagate.  Thse  methods  include  critical  visual,  X-ray  and  ultrasonic 
investigation,  magnetic  and  fluorescent  penetrants,  caustic  etching,  ano¬ 
dizing,  and  surface  plating. 


t 

Stress 


A  TYPICAL  FATIGUE  STRESS  CYCLE 


T 

Maximum 

Stress 


FATIGUE  DATA:  Stress  vs  Number  of  Cycles  (S-N)  data  may  be  applied 
directly  in  design,  with  careful  attention  to  the  loading  and  material 
parameters . 
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DESIGN  PROPERTIES  OF  ENGINEERING  MATERIAL  DEVELOPED  FROM  IMPACT  TESTS 


Impact  tests  are  an  important  source  of  material  design  data  when  packaging  for  the 
shock  environment.  Temperature  and  strain  rate  variations  exert  a  heavy  influence 
on  Impact  strength  of  most  structural  materials. 


Much  attention  In  the  technical  literature  has  been  directed  towards  material 
properties  associated  with  static  tensile  and  fatigue  strength  characteris¬ 
tics,  Same  material  properties  of  interest  to  the  packaging  designer  are 
best  described,  however,  by  an  impact  test,  particularly  for  equipment  con¬ 
strained  to  survive  a  shock  or  impulsive  load  environment.  It  is  a  well 
established  metallurgical  fact  that  many  materials  are  subject  to  a  complete 
loss  of  Impact  strength  below  certain  critical  temperatures.  This  tempera¬ 
ture-impact  strength  interaction  is  solved  by  early  definition  of  the  ser¬ 
vice  environment  and  use  of  the  proper  alloying  elements  in  the  structural 
material. 

Impact  strength  is  most  often  measured  from  a  simple  pendulum  impact  test. 

The  value  of  inpit  energy  required  to  fracture  a  standard  notched  specimen 
is  the  basis  of  both  the  Charpy  and  Izod  impact  tests.  The  principal  dif¬ 
ference  lies  in  the  mode  of  test  specimen  support.  The  Charpy  test  is  con¬ 
ducted  on  a  simply  supported  beam,  with  a  specified  notch  arranged  away  from 
the  Impact.  The  Izod  impact  test  is  conducted  on  a  notched  cantilevered 
specimen.  Both  tests  yield  a  relative  impact  energy  to  fracture,  usually 
noted  in  units  of  energy  per  unit  area  at  the  notch.  Thus,  the  additional 
variable  of  notch  sensitivity  is  factored  into  the  test,  and  results  are 
often  referred  to  as  notch  toughness  or  notched  impact  strength. 

Other  types  of  impact  tests  may  be  important  to  the  designer  as  the  impact 
mode  and  specimen  support  parameters  may  more  closely  duplicate  the  method 
of  loading  in  the  actual  equipment.  Impact  tests  on  tension  members,  as  well 
as  tor8ionally  loaded  specimens  yield  useful  data  on  material  behavior  for 
these  loading  conditions. 

As  is  usual  for  members  subjected  to  dynamic  loads,  the  stress  concentration 
effect  should  be  kept  to  a  minimum.  This  stress  magnification  influence 
may  be  tolerated  during  Impulsive  loading  of  the  general  stress  level  is 
kept  low  and  uniform  across  a  section,  and  if  sufficient  material  ductility 
is  available  from  the  alloy.  Material  ductility  has  the  effect  of  miti¬ 
gating  the  high  local  stresses  in  the  region  of  a  notch  or  discontinuity 
by  local  yielding  of  the  material  and  redistribution  of  the  stress.  Since 
maximum  stress  varies  directly  with  the  square  root  of  the  material  elastic 
modulus, (5)  then  low  modulus  is  desirable  for  impact  load  design.  Suffi¬ 
cient  ultimate  strength  is  mandatory  to  preclude  failure  and  the  designer 
should  recognize  that  low  modulus  means  equivalently  low  natural  frequency, 
usually  contra-indicated  in  vibration  design. 

laboratory  tests  have  shown  that  strain  rate,  or  speed  of  impulsive  loading, 
has  a  pronounced  effect  on  material  strength  and  other  dynamic  properties. 
Ultirr  te  and  yield  strength  increase  dramatically  with  increasing  strain 
rate,  andyield  tends  to  close  with  ultimate  at  high  load  rates(5).  This 
combination  happily  aids  the  designer,  since  structure  may  successfully 
withstand  impact  loads  unknown  to  the  analyst  at  the  inception  of  design. 

Many  other  physical  characteristics  differ  widely  under  impact  loading  from 
the  same  properties  under  static  conditions.  Steels  are  known  to  exhibit  a 
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wide  /ariation  in  impact  strength  with  variations  in  carbon  content,  manu¬ 
facturing  process,  and  degree  of  cold  work  to  name  a  few  (3).  The  designer 
is  directed  to  standard  texts  on  physical  metallurgy  to  assess  the  problem 
oi'  marginal  designs  and  hov,  changes  in  process  and  composition  may  help. 
(See  References  11,  u-  and  13. ) 


DYNAMIC  STRENGTH:  There  are  corallary  factors  of  static  ultimate  strength 
and  dynamic  strength  for  some  engineering  materials,  for  intermediate 


impact  velocities. 
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Section  2  -  The  Physical  Properties  of  Engineering  Materials 

METALLURGICAL  MECHANISMS  AND  THEIR  IMPORTANCE  TO  MATERIAL  PROPERTIES 


The  designer  should  consider  the  material  properties  defined  metallurgically  in  opti¬ 
mizing  the  structural  material  selection.  These  considerations  include  hardness, 
creep,  wear  and  corrosion  resistance. _ _ 


Many  of  the  most  important  physical  characteristics  of  materials  are  delin¬ 
eated  by  special  tests,  other  than  those  previously  outlined,  as  well  as 
close  examination  of  the  physical  metallurgy  of  the  material  microstructure. 
The  designer,  by  optimizing  those  physical  properties  of  the  structural 
material  influencing  the  dynamic  integrity  of  the  equipment  package,  may 
greatly  improve  the  equipment's  chances  of  surviving  the  intended  dynamic 
environment.  The  great  advantage  lie6  in  the  fact  that  &.«■%  • 
mechanisms,  such  as  heat  treatment,  may  strengthen  the  structure  without  an 
increase  in  sectional  bulk. 

Some  other  physical  tests  of  importance  to  dynamic  integrity  in  a  material 
Include  creep,  hardenability,  hardness,  damping,  wear  and  corrosion  is  a  con¬ 
tinuing  phonemena  which  causes  a  deterioration  in  the  geometry  of  a  stressed 
member.  The  influence  of  creep  on  shock  and  vibration  resistant  structure 
lies  in  the  amplification  or  fluctuation  of  the  resonant  effect  due  to  the 
combined  action  of  fatigue,  impact,  and  creep.  The  situation  is  generally 
to  be  avoided  in  good  design. 

Hardenability  relates  the  tensile  strength  of  a  material  to  resistance  to 
penetration  (hardness)  as  dictated  by  the  inherent  ability  of  the  material  to 
be  heat  treated.  The  importance  lies  in  the  fact  that  impact  and  fatigue 
strength  vary  directly  with  tensile  strength  for  many  engineering  alloys. 

Damping  within  the  structural  alloy  tends  to  absorb  a  portion  of  the  dynamic 
energy  due  to  internal  hysteresis.  It  is  generally  desirable  to  employ 
high  damping  material  in  support  structure  to  resist  both  shock  and  vibra¬ 
tion  influences .  Each  case  should  be  analyzed  individually,  however,  with 
respect  to  the  location  of  major  resonances  within  the  enviommental  vibra¬ 
tion  spectrum. 

The  material  properties  defined  by  mlcrostructural  investigation  and  chemi¬ 
cal  analysis  include  the  material's  ability  to  age  or  stabilize,  resist 
temperature  and  corrosion  effects,  retain  a  small  grain  size,  have  the  abil¬ 
ity  to  be  thermally  or  strain  (work)  hardened,  and  have  a  microstructure 
that  is  hogeneous  and  istropic.  These  factors  among  others,  may  be  defined 
to  optimize  the  alloy  characteristics  best  suited  for  the  environment. 

The  method  of  manufacture  of  the  structural  alloy  has  a  decided  influence 
on  the  material  impact  and  fatigue  strength.  The  presence  of  scale  and 
surface  decarburization  may  seriously  decrease  fatigue  strength  of  a  member. 
The  skin  of  a  casting  may  protect  the  base  material  from  the  environment, 
yet  provide  the  nucleil  for  a  fatigue  crack.  Residual  stress  set  up  by  the 
manufacturing  process  may  frequently  relieve  a  service  stress.  Forging, 
rolling,  or  burnishing  can  strengthen  metals  susceptible  to  strain  hardening, 
particularly  around  stress-rai6ers .  Conversely,  rolling  or  other  directional 
working  may  set  up  patterns  of  discontinuities  which  could  cause  directional 
weaknesses  in  the  finished  structure.  In  general,  residual  compressive 
stresses  are  considered  helpful  in  combating  fatigue,  while  residual  tensile 
stresses  are  to  be  avoided.  Examples  of  this  approach  are  peening,  sand 
blasting,  and  other  surface  stressing. 


10.2-6 


VOLUME  III 


Sort  Gray  Iron 


Gray  Iron 


Malleable  Iron 


Specific  Damping 
Capacity  (percent) 


Nodular  Iron 
Grade  B  Steel 


0  10  20  30 

Stress  (p8i  x  1000) — ^ 

SPECIFIC  DAMPING  CAPACITY  OF  SOME  TYPICAL  IRONS 


Fatigue  Limit 
(1000  psi) 


A 

_i 

.6o-.65*c 


.L0-.45$C 


20  40  60  80 

Hardness  (Rc) — > 

RELATIONSHIP  BETWEEN  HARDNESS  AND  FATIGUE  STRENGTH 
FOR  SOME  TYPICAL  STEELS 


METALLURGICAL  MECHANISMS  AND  DYNAMIC  STRENGTH:  Hardness  and  ardenability 
(and  by  implication,  tensile  strength,  as  well  as  damping  capacity  are 
important  criteria  in  the  selection  . i  an  optimum  material  for  dynamically 
strong  structure. 
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Section  2  -  The  Physical  Properties  of  Engineering  Materials 
THE  INFLUENCE  OF  SURFACE  EFFECTS  ON  MATERIAL  PROPERTIES 


The  importance  of  surface  treatment  to  fatigue  strength  must  be  considered  when  speci- 
fylng  heat  treat,  cold  work,  machine  finish,  and  plating  in  equipment  package. _ 


Material  characteristics  associated  with  surface  conditions  have  recleved 
a  great  deal  of  attention  in  the  literature.  It  has  long  been  recognized 
that  most  fatigue  failures  are  proprcgated  from  sane  type  of  surface  anamoly; 
hence,  much  research  has  been  directed  at  s-irface  characteristics  with  gener¬ 
ally  good  results.  Surface  conditions  are  most  important  to  structure  sub¬ 
jected  to  repeated  loads.  Impact  loads  are  only  secondarily  affected  by 
surface  conditions,  mostly  with  respect  to  material  removal  such  as  cor¬ 
rosion.  Fatigue  on  the  other  hand,  is  particularly  surface  sensitive  since 
most  structure  is  loaded  in  flexure  or  torsion  to  the  extent  that  sene  criti¬ 
cal  stress  is  present  near  the  surface.  The  combination  of  high  stress  and 
built-in  stress  raisers  is  the  crux  of  the  surface  problem.  The  fact  that 
corrosion  and  other  environmental  effects  are  most  prevalent  on  the  exterior 
of  an  equipment  package  only  adds  to  the  severity  of  the  problem. 

A  convient  classification  of  the  influence  of  surface  effects  on  fatigue 
life  is  given  by  Gordon,  Grover  and  Jackson  (3).  The  first  involves  the 
existence  of  surface  roughness  caused  by  the  mechanical  finishing  process; 
the  second  relates  the  difference  in  strength  between  the  outer  shell  and 
the  core  material;  and  the  last  deals  with  the  differences  In  stress  level 
as  a  result  of  a  residual  stress. 

Surface  considerations  of  importance  to  the  designer  also  include  the  heat 
treat,  cold  work,  coating  and  plating,  and  corrosion  resistance  provisions 
of  the  intended  structure.  For  example,  the  dramatic  variation  of  fatigue 
strength  for  various  types  of  surface  protection  techniques  in  a  typical 
steel  is  illustrated  in  the  accompanying  figure.  Also  Bhovn  are  charts 
summarizing  the  effects  of  surface  hardening,  and  surface  plating  on  cor¬ 
rosion  fatigue  strength  for  various  steels W . 

The  most  commonly  used  mechanical  or  metallurgical  processes  to  Improve  sur¬ 
face  conditions  for  which  information  is  available  to  the  designer,  may  be 
categorized  into  three  groups  (5);  cold  working,  which  includes  shot  peening, 
cold  rolling,  stretching,  and  burnishing  (cold  work  is  done  at  temperatures 
below  the  material  recrystallization  temperature);  surface  hardening,  cover¬ 
ing  carburizing,  nitriding,  cya aiding,  flame  hardening,  and  induction  harden  - 
1%;  plating,  which  includes  chromium,  zinc,  and  cadmium  coatings. 

The  effect  of  these  processes  on  fatigue  life  varies  with  each  category,  as 
well  as  varying  within  processes.  In  general,  fatigue  life  may  be  improved 
up  to  100  percent  by  shot  peening  and  other  cold  working  operations.  This 
type  of  material  improvement  may  be  accomplished  after  forming  the  struc¬ 
tural  member,  without  a  geometric  change. 

Surface  hardening  by  heat  treatment  will  result  in  a  strong  outer  case  of 
hard  material,  varying  from  a  few  thousandths  to  one-quarter  inch  in  thick¬ 
ness.  The  most  pronounced  effect  occurs  when  the  treatment  is  made  after 
the  material  has  been  notched.  Nitriding,  for  example,  can  cause  an 
increase  of  30C  percent  in  the  notched  fatigue  strength  of  mild  steels. 

The  design  constraint  lies  in  the  balance  of  core  and  case  strength;  suf¬ 
ficient  core  integrity  is  required  to  prevent  failure  below  the  case  at 
the  Interface  with  the  parent  material. 
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plating  as  a  surface  treatment,  ie  primarily  aimed  at  corrosion  protection, 
to  minimize  the  combined  action  of  fatigue  and  surface  deteriorizatl on . 
Plating  and  coating  may  actually  decrease  the  basic  fatigue  strength  of 
many  alloys.  The  rate  of  strength  reduction  due  to  corrosion  may  be  more 
rapid,  however,  ard  the  net  result  may  well  be  positive,  particularly  in 
the  presence  of  fresh  and  salt  water  environments. 


EFFECT  OF  PLATINGS  AND  COATINGS 
ON  CORROSION  FATIGUE  STRENGTH  OF  1050  STEEL 


Type  of 

-  Corrosion  Fatigue  Strength  (t  of  original)  - 

Surface 

Cold-Drawn(lOO)t54,  90C  psi) 

1  Normal ized(lOC^t 36, 700  psi) 

Protection 

Air 

Salt  Spray 

Air 

Salt  Spray 

None 

100 

14 

IOC 

24 

Enamel 

93 

41 

105 

68 

Hot  galvanizing 

1C1 

95 

90 

101 

Zinc  electroplating 

IOC' 

87 

98 

90 

Cadmium 

electroplating 

93 

77 

93 

84 

Cadmium  plating 

and  enamel 

95 

72 

96 

82 

Phosphating  and 

enamel 

93 

44 

108 

79 

Spray  metallizing 

with  A1 

105 

80 

•  • 

•  • 

Spray  metallizing 

with  A1  and  enamel 

103 

99  | 

•  • 

•  • 

EFFECT  OF  PLATINGS  AND  COATINGS 
ON  CORROSION  FATIGUE  STRENGTH  OF  1050  STEEL 


Material  and 
Treatment 


1043  Steel  (100$  =  36,300  psi) 

Normalized,  no 
surface  protection 
Short-period  nitriding 
Shot  peening 
Induction  hardening 
Induction  hardening  with 
subsequent  zinc  coating 

Alloy  Steel  (100%  =  78,100  psi) 
IJitrided 

Alloy  Steel  (lOVjo  =  104,600  psi) 
Nitrided 


Fatigue  Strength  (t 

of  original 

Air 

Fresh  Water 

St  NaCl 

100 

65 

39 

l4o 

142 

77 

116 

•  •  • 

79 

187 

187 

140 

•  •  • 

... 

177 

10C 

IOC 

•  •  • 

100 

81 

•  •  • 

*  All  steels  have  fatigue  limits  of  10'  cycles;  nitrided  jilloy  steel 
with  104,600  psi  fatigue  strength  has  fatigue  limit  of  ICr  cycles. 


SURFACE  TREATMENT:  The  effects  of  some  typical  surface  operations  on 
the  corrosion-fatigue  strength  of  steel  are  illustrated. 
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CONSIDERATIONS  OP  WEAR  DJ  THE  APPLICATION  OP  ENGINEERING  MATERIALS 


Wear  is  a  surface  or  contact  phenomeron  which  nay  cause  an  incipient  stress-raiser  or 
crack  from  which  a  fatigue  failure  may  propagate .  Wear  considerations  thus  constitute 
a  basic  Material  criteria.  _ 


Wear  has  am  important  influence  on  equipment  packages,  as  the  d;Tiamic  charac¬ 
teristics  will  undergo  a  resulting  change,  often  to  the  detriment  of  the 
structure.  A  comprehensive  introduction  to  the  concepts  of  wear  is  contained 
in  the  work  of  Professor  Li  peon  on  "Wear  Considerations  in  Design"  (1*0,  and 
should  be  required  reading  for  the  structural  designer. 

Wear  may  be  defined  as  the  deteriorlzation  of  a  surface  due  to  use;  thus  the 
impact  on  dynamic  integrity.  Wear  is  often  the  major  limiting  factor  on  the 
life  of  an  equipment  package.  Wear  manifests  iteself  whenever  there  1b  load 
and  motion.  Furthermore,  wear  is  usually  a  combination  of  several  elementary 
forms  such  as  galling,  abrasion,  and  corrosion.  Material  characteristics 
should  be  selected  on  the  basis  of  their  ability  to  resist  wear  and  surface 
deteriorlzation,  as  a  fundamental  criterion. 

Failure  of  the  lubricating  film  between  two  stressed  surfaces  caused  by 
excessive  pressures,  sliding  velocity,  or  temperatures  cause  a  basic  type 
of  wear;  galling,  scuffing,  scoring,  and  seizing  are  examples  of  this  cate¬ 
gory.  The  differences  within  this  group  vary  as  to  the  severity  of  the 
action.  The  group  is  typically  an  adhesive  form  of  wear  caused  by  a  welding 
and  fracture  of  mating  surfaces . 

Abrasion  Is  a  cutting  type  wear  wh.ch  takes  place  when  a  hard  foreign  parti¬ 
cle  Is  present  between  two  rubbing  surfaces.  Hie  particle  may  be  a  metal 
grit,  a  hard  oxide,  or  a  contaminant  from  the  environment,  which  penetrates 
the  metal  surface  and  subsequently  tears  off  metallic  particles.  Abrasion 
may  take  the  form  of  scratching  or  gouging  of  material,  depending  upon  the 
severity. 

Local  surface  fatigue  or  high  contact  stresses  may  result  In  pitting  type 
wear  such  as  case-crushing,  spalling  or  stress  corrosion.  Cyclic  loading 
manifest  as  a  high  sliding  or  contact  stress  Is  the  usual  ingredient  of  this 
wear  category.  A  crack  resulting  from  the  high  6tresB  causes  a  particle 
of  material  (or  a  segment  of  the  case  material)  to  separate  from  the  parent 
material  and  spall  off.  Some  forms  of  incipient  pitting  may  be  healed  or 
erased  by  subsequent  wearing  action. 

A  wearing  phenomena  associated  with  press  fitted  assemblies  subjected  to 
varying  loads  Is  known  as  fretting.  Other  wear  of  this  type  is  called 
frettage,  stress  corrosion,  or  chafing  fatigue.  Hie  worn  area  has  the  appear¬ 
ance  of  being  corroded,  or  may  seem  to  be  heavily  galled.  The  surface  is 
deteriorated  by  the  action  of  a  reciprocating  force  at  the  contact  region. 
Damage  may  be  varied  from  erosion  of  large  chunks  of  material,  to  simple  dis¬ 
coloration  of  the  surface.  Fretting  may  cause  a  local  stress  raiser  in  the 
region  of  an  existing  highly  stressed  area,  from  which  a  subsequent  fatigue 
failure  could  propagate. 

Erosion  and  corrosion  are  examples  of  a  wear  category  which  occurs  without  the 
presence  of  a  second  surface  or  high  contact  stress.  Galvanic  corrosion  is 
the  exchange  of  ions  between  metals  of  dissimilar  contact  potential  (or 
occupying  different  positions  on  the  galvanic  scale).  Erosion  is  the  mechan¬ 
ical  or  chemical  removal  of  material  from  an  exposed  surface. 
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Wear  is  usually  combatted  by  lubrication,  by  Insulation  with  surface  pro¬ 
tection,  or  by  the  use  of  inherently  self -lubricating  materials  such  as 
cast  Iron.  Wear  Is  important  to  structure  subjected  to  repetitive  load 
because  of  material  removal  ant,  the  presence  of  discontinuities  which  may 
ultimately  precipitate  a  fatigue  crack. 


RELATIVE  ABRASION  RESISTANCE  OF  VARIOUS  HARD  SURFACING  DEPOSITS ^ 11 ^ 


CONSIDERATIONS:  Serious  loss  of  fatigue  strength  is  a  common  outgrowth 
of  wear.  Some  detrimental  wear  effects  may  be  decreased  by  the  applica¬ 
tion  of  hard  surface  deposits. 
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or  m  avonus  physical  ymuguB 


Mlactioo  la  felted  by  the  balance  of  at  res*  with  strength.  Desirable 
properties  aay  be  conveniently  categorised  for  afeay  comparison  of 


Mtarlal  Mlactioo  la  the  process  of  matching  the  known  daalrahle  sate  rial 
chferacterletlca  with  the  fentldpatad  service  and  teat  enrlrnnawnt .  The 
aklll  with  Alch  the  designer  aakea  thla  choice  will  constrain  the  squipaent 
Ufa  m  fetich  aa  any  other  factor.  A  convenient  artbod  of  suamrlslng 
■ate rial  properties  la  a  categorisation  by  fefejar  groups,  as  fallows:  tensile 
propertlM  defined  by  the  stress-strain  curve;  properties  da rived  frca  the 
fatigue  teat;  properties  defined  by  lapact  tests;  propertlas  defined  by  the 
physical  metallurgy  of  the  alloy;  characterlatlca  involving  surface  phenomena; 
and  considerations  of  wear. 

Xa  ft «ial,  factors  that  influence  the  static  strength  of  ac  engineering 
allay  also  have  a  parallel  effect  on  the  fatigue  and  lapact  strength  of  that 
alley.  For  a— pis.  Boat  of  the  strength  paifeasters  aeasurod  frofe  the  static 
tanalla  test  are,  aa  a  first  approximation,  directly  relstsbls  to  strength 
In  ffetlgua  and  lapact.  There  are  aany  llaltatlons  to  this  appradaatloo; 
aa  increase  In  teaslla  strength  doss  not  nacesaarlly  reflect  a  parallel  In¬ 
crease  In  fatigue  strength.  In  fact,  aoet  alloys  becaas  Increasingly  t^tch 
sensitive  at  tbs  high  heat  treat  levels. 


ductility,  particularly  high  notch  ductility.  Is  em  Important  property 
fbr  material  subjected  to  both  shock  and  vibration.  This  ductility  will 
allow  a  certain  saount  of  plastic  flew  In  the  region  of  a  stress  miser, 
vhlea  Bltlgetes  tbs  net  stress  affect.  High  ductility  also  implies  high 
toughosas ,  sssMlng  equal  strength.  A  high  elastic  aadulus  (asnlfsst  as  s 
higher  natural  frequency)  Is  usually  desirable  In  a  resonating  structure. 
Ibis  lay! tea  Increased  stiffness  and  resilience.  Ibis  characteristic  Is 
eoatmladl rated  for  high  lapact  resistance,  however.  The  shock  strength  of 
s  low  — 1 sate  rial  Is  superior  to  that  of  a  higher  aodulue  sate  rial  for 
the  sees  strength  and  ductility  levels. 

Fatigue  properties  are  directly  appllaable  to  asterlals  sblch  will  be  sub¬ 
jected  to  repetitive  loads.  In  fact,  fatigue  data  exists  for  all  of  the 
rtrngnlrr*  loading  aades,  and  aany  of  the  camoc  gsnas tries  sad  engineering 
■aterlals.  The  designer  should  use  the  data  which  scat  clomly  approximates 
bis  structural  ays tea .  Sobs  extrapolation  of  data  aay  be  sate  with  goad 
aaglaaarlag  Judgement .  Soaetlaes  transference  of  propertlM  is  sufficient, 
bat  this  Is  tbs  prlas  purpose  of  the  consulting  asterlals  sod  yioeasMa 


Tbs  application  of  fatigue  data  to  lapact  situations  Is  not  too  mild.  In 
gene  ml,  law  notch  sensitivity  In  fatigue  also  Mans  low  sensitivity  In 
lapact.  That  la,  good  notch  ductility  It  s  desirable  characteristic  In  a 
sate  rial  experiencing  both  shock  and  vibration . 

Tbs  propertlM  derived  froa  lapact  tests,  of  course,  are  directly  re  lm  tab  Is 
to  Mterlals  to  be  subjected  to  Impulsive  leads.  High  toughness  sod  lapact 
resistance,  and  low  notch  sensitivity  reflect  generally  superior  Mterial 
qualitlee  for  both  shock  and  vibration  applications .  Materials  idth  sharp 
ductile-brittle  transition  temperatures  should  be  avoided,  particularly 
whan  low  service  t  saps  returns  are  anticipated. 
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Impact  tests  on  most  engineering  materials  are  characterized  by  a  great 
deal  of  scatter  in  the  resulting  data.  The  designer  must  exercise  care  in 
extrapolating  the  data  to  his  problem,  particularly  as  concerns  specimen 
size.  In  addition,  materials  that  are  known  to  exhibit  a  marked  yield 
point  are  also  subject  to  high  strain  rate  sens! tlvi ty . ( lb  ) 


High  Values 

•  Resilience 

•  Ductility 

•  Toughness 

•  Fatigue  Strength 

•  Impact  Strength 

•  Notch  Ductility 

Low  Values 

•  Elastic  Modulus  (sometimes) 

•  Notch  Sensitivity 

•  Strair.-Rate  Sensitivity 

•  Ductile-Brittle  Transition  Temperature 


DESIRABLE  MATERIAL  PROPERTIES:  Good  material  selection  habits  for  the 
Design  Engineer  begin  with  an  understanding  of  those  characteristics 
that  are  most  effective  in  shock  and  vibration  applications. 
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DEBIRABI£  METALLURGICAL  CHARACTERISTICS  FOR  MATERIA  1/3  USED  IN  DYNAMIC  APPLICATIONS 


The  Important  metallurgical  properties  to  high  atructural  reliability  and  dynamic 
Integrity  Include  stability,  high  bulk  strength,  homogeneity,  low  sensitivity,  and  good 
wear  and  surface  characteristics . _ 


Metallurgical  mechanisms  of  importance  to  the  dynamic  strength  of  materials 
range  through  all  of  the  principal  physical  properties.  In  a  qualitative 
senae,  same  of  the  more  apparent  and  useful  properties  may  be  summarized  as 
follows : 

Stability  -  An  alloy  that  exhibits  a  flat  response  through  a  range  of 
environmental  influences  is  generally  more  useful  in  dynamic  applications. 
High  resistance  to  aging,  creep,  corrosion  and  wear  are  all  desirable  traits 
in  an  engineering  material. 

High  Bulk  Strength  -  This  property  implies  high  hardenability  since  increased 
tensile  strength  generally  indicates  high  fatigue  and  impact  strength,  within 
certain  limits.  Some  of  the  hardening  mechanisms  are  strain  or  work  harden¬ 
ing,  grain  size  refinement  (or  at  least  an  inherent  resistance  to  grain 
growth),  quench  hardening,  precipitation  hardening,  dispersion  hardening, 
and  order-disorder  transformation.  A  good  discussion  of  these  processes  is 
available  in  reference  (12). 

Homogeneity  -  The  avoidance  of  incipient  stress  raisers  in  a  material  for 
dynamic  application,  is  always  a  good  ground  rule.  This  characteristic 
implies  a  uniform  microstructure,  more  uniformity  of  strength  between  case 
and  core  material,  a  degree  of  work  on  a  cast  alloy  to  break  up  and  disperse 
the  dendritic  structure  or  planes  of  weakness  in  the  section,  and  an  avoid¬ 
ance  of  non-isotropic  materials.  Since  many  dynamic  disturbances  are  random, 
it  is  often  difficult  for  the  designer  to  arrange  the  directional  properties 
to  his  advantage,  hence  it  Is  safer  to  use  uniform  material.  Generally,  a 
material  with  a  high  degree  of  inclusion  or  one  that  is  subject  to  rapid 
surface  deteriorization  Is  to  be  avoided.  If  a  material  "skin"  resulting 
from  casting  or  co  -rolling  is  unavoidable,  then  care  should  be  taken  to 
leave  It  Intact. 

Sensitivity  -  Materials  which  exhibit  low  notch  sensitivity,  a  broad 
ductile-brittle  temperature  transition  range,  good  creep  resistance,  p-  xi 
damping  characteristics,  are  unimpaired  by  temper  embrittlement  and  adverse 
aging  phenomena,  and  generally  are  Insensitive  to  exterior  influences,  are 
the  best  choice  for  dynamic  applications.  Low  sensitivity  minimizes  the 
effect  of  a  stress  raiser  and  hence  lessens  the  material  reaction  to  the 
excitation. 

Surface  characteristics  and  wear  consideration  are  parallel  criteiia  since 
they  both  relate  to  the  outer  skin  of  the  material,  or  very  close  to  it. 
Surface  finish  is  always  important  to  dynamic  Integrity;  materials  that 
finish  easily  Bind  without  directional  properties  are  usually  better  in 
dynamic  applications.  Materials  that  respond  to  cold  work  (such  as  peering 
and  burnishing)  in  the  area  of  an  unavoidable  stress  raiser  are  desirable. 

Surface  properties  may  be  enhanced  by  proper  surface  heat  treatment,  plating, 
or  coating.  These  processes  may  also  improve  the  wear  and  corrosion 
resistance  of  the  alloy.  Fatigue  strength  is  often  improved  and  notch 
effect  reduced  by  surface  treatments  such  as  nitriding  or  cyaniding,  par¬ 
ticularly  after  the  notch  has  been  formed. 
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A  wealth  of  handbook  data  is  available  on  the  mechanical  properties  of 
cer+ain  engineerirg  materials,  f  good  summary  of  these  characteristics 
as  veil  as  descriptive  material  cn  ferrous  and  non-ferrous  alloys  is 
contained  in  the  "Metals  Reference  Issue"  of  Machine  Design. ^ c 

It  must  be  remembered  that  all  of  the  varied  c’uaracteristics  of  materials 
should  be  considered  if  designs  are  to  be  optimized.  Hie  designer  vho 
considers  only  yield  stress  is  iialle  to  be  embarrassed. 


• 

Stability  —  Fiat  Response  and  High 

Environmental  Resistance 

• 

Bulk  Strength  -  High  Hardenability 

• 

Homogeniety  -  Uniform  Microstr ucture 

• 

Sensitivity  -  Low  Environmental  Relation 

• 

Surface  Qualities  -  High  Wear  Resistance  and 

Fatigue  Resistance 

METALLURGICAL  PROPERTIES:  Some  of  the  desirable  material  properties  for 
dynamic  applications  are  heavily  influenced  by  metallurgical  mechanisms, 
some  of  which  may  be  enhanced  by  proper  selection. 
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THE  INFLUFNCE  OF  ALLOYING  ELEMENTS  ON  MFTALLI"'  MATERIAL  PROPERTIES 


Alloying  elements  are  added  to  engineering  materials  tc  improve  the  physical  proper¬ 
ties  of  the  base  metal.  For  convenience,  these  structural  materials  are  divided  into 
two  groups:  ferrous  and  non-ferrous  alloys. 


The  alloying  elements  used  in  the  common  engineering  mterial6  have  a  pro¬ 
found  effect  on  physical  properties  of  the  material.  For  example,  copper 
may  be  made  very  malleable  or  may  be  used  as  a  cold  chisel  depending  on 
minor  alloy  additions  and  processing.  The  following  paragraphs  summarize 
qualitatively,  the  physical  impact  of  these  elements  on  those  material 
properties  important  to  dynamic  structural  integrity.  The  reader  is  di reeved 
to  some  of  the  referenced  discussions  on  alloying  elements  for  deeper  6tudy 
(1)  (16)  (IT)  (18). 

Alloying  elements  are  added  to  materials  to  change  the  physical  properties 
of  the  base  material.  Alloying  elements  will  combine  with  the  base  metal 
in  one  of  three  mechanisms:  (a)  mechanical,  mixtures,  or  heterogenous  com¬ 
binations  of  metals  that  retain  their  original  identity,  and  are  essential 
insoluable  in  the  parent  metal  in  the  solid  state,  (b)  intermetallic  com¬ 
pounds,  usually  a  combination  of  metals  well  dispersed  through  the  micro- 
structure,  and  (c)  solid  solutions  where  the  solute  atoms  occupy  a  posi¬ 
tion  in  the  space  lattice  of  the  solvent  matrix,  that  is  the  alloy  is  com¬ 
pletely  dissolved  in  the  base  metal.  This  mechanism  make6  certain  stable 
material  conditions  usable. 

Alloying  elements  also  differ  in  their  effect  on  Individual  materials.  An 
alloy  may  dramatically  strengthen  one  material  and  have  little  effect  on 
another.  These  alloying  elements  will  be  presented  in  two  groups;  alloying 
elements  in  ferrous  alloys,  and  alloying  elements  in  non-ferrouse  alloys. 

The  ferrous  alloys  will  cover  irons  and  steels,  while  the  non-ferrous 
alloys  will  be  limited  to  the  commonly  encountered  structural  materials. 

Ferrous  alloys  make  up  the  most  commonly  used  class  of  engineering  materials 
today.  Although  various  forms  of  iron  are  still  being  used,  the  emphasis 
has  shifted  to  steels  which  achieve  their  desirable  properties  by  the  addi¬ 
tion  to  iron  of  a  small  amount  of  carbon  (usually  less  than  one  percent)  and 
other  alloying  elements  such  as  chromium,  nickel,  molybdenum,  manganese, 
silicon,  and  tungston.  These  are  a  few  of  the  elements  employed  in  the 
alloying  of  steel  to  improve  hardness,  ctility,  corrosion  resistance, 
machinabili ty,  weldability,  dimensional  stability,  elevated  and  sub-zero 
temperature  properties . 

Non-ferrous  alloys  are  those  engineering  materials  that  do  not  contain 
iron  as  the  primary  alloying  ingredient.  The  total  output  of  the  non-ferrous 
alloys  represents  about  one-tenth  of  the  tonnage  production  f  iron  and 
steel.  The  most  commonly  used  non-ferrous  alloys  are  the  aluminum,  copper, 
magnesium,  and  nickel  alloys.  Seme  newer  and  more  exotic  alloys  which  are 
becoming  increasingly  important  structurally,,  include  beryllium,  zirconium, 
and  titanium. 


1C. 3-4 


u 


VOLUME  m  -  CHAPTER  10 
MATBCLAIS  AM)  HWCHBSEB 

SECTION  4  -  MATERIAL  SELHCTIOE  CRITERIA 

a  Alloying  Elements  in  the  Ferroua  Materials 

•  Physical  Properties  of  the  Ferroua  Alloys 

•  Characteristics  of  the  Altadnta  Alloys 

•  Mechanical  Properties  of  the  Magnesiust  Alloys 

a  Characteristics  of  Berylllun  and  Tltanlun  Alloys 

a  Characteristics  of  Copper  and  Its  Alloys 

a  Properties  of  Some  High  Teaperature  Alloys 

a  Characteristics  of  the  Canaan  Plastics  and  Fabricated 
Materials 


tf**  .  r 


0 


laum  m  -  outran  10 

ilmctloo  %  -  Ifctmrlal  Selection  Criteria 


Mxumm  vm  kb  in  ns  me  cos  MtiraxAifi 


Allaying  elements  are  added  to  iron  to  improve  the  physical  characteristics  of  the 
raealtlnc  alley.  Some  koovladge  of  the  qualitative  aspect*  of  alloye  in  engineering 
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The  effect  of  proper  aeounte  of  alloying  eleaenta  on  a  given  steel  is 
usually  greater  than  the  sue  of  their  individual  effects.  Thus,  alloying 
slaeenta  are  added  to  steels  and  irons  in  varying  cceblnetlans  to  attain 
a  particular  set  of  physical  properties.  The  eoet  coeuo  alloying  elsswsnts 
of  iron  and  steels  are  carbon,  nickel,  chromium,  eolybdenue,  vanedlue, 
tungsten,  aanganeee,  copper,  and  boron.  8ame  of  the  qualitative  aspects  of 
their  iapact  on  the  ferrous  allqys  say  be  sx^esurlsed  aa  follows: 

Alloying  Elements  in  the  Ferrous  Material 

Carbon:  Carbon  la  the  eoet  widely  used  allaying  eleeent  in  steels  and  Irons 
and  by  definition  la  what  separates  irons  free  steels.  Low  carbon  steels 
are  produced  in  larger  quantities  than  all  other  ferrous  allays  combined  (*9) . 
Steel  allays  are  often  classified  by  their  carbon  content,  as  low,  medium 
or  high  carbon  steels.  Iron  carbon  alloys  below  0. CSS  percent  carbon  are 
known  as  wrought  Irons,  while  alloys  above  1.30  percent  carboD  are  referred 
to  as  cast  irons.  Carbon  has  a  pronounced  effect  on  virtually  all  of  the 
physical  properties  of  steel.  Carbon  heavily  influences  strength,  hardness, 
ma chi nubility,  and  melting  temperature  of  steels,  as  shown  in  the  adjacent 
diagram.  This  change  in  mechanical  properties  la  true  for  both  annealed 
and  hardened  steels.  An  important  effect  of  carbon  on  steel  is  the 
Improved  ability  of  the  alloy  to  he  martensitic  in  ad c restructure  after 
quenching  from  an  elevated  (austenitic)  temperature.  Transformation  dia¬ 
grams  ( time- temperature  plots)  are  readily  available  for  steel  alloys 
showing  this  austenite  to  martensite  transition.  It  is  usually  desirable 
to  employ  a  micros  true  t  ur  e  of  martensite  (after  tempering  to  the  required 
ductility)  for  any  given  stress  application.  This  is  the  fundamental 
general  rule  for  the  selection  of  a  serviceable  steel  alloy. 

A  good  sumsary  of  the  qualitative  effects  of  the  other  Important  alloying 
elements  In  steels  la  presented  by  Lindbergh )  and  is  excerpted  here  by 
element,  as  follows: 

Wickel:  Nickel  increases  toughness  and  resistance  to  impact ,  particularly 
at  low  temperatures,  and  lessens  distortion  in  quenching.  It  lowers  the 
critical  phase-transition  temperature  of  steel  and  widens  the  range  of 
successful  heat  treatment.  311  eke  1  steels  are  particularly  good  for  case- 
hardened  parts.  Such  e-eels  provide  strong,  tough,  wear-resistant  cases 
and  also  ductile  core  properties.  Nickel  does  not  unite  with  carbon  to  con¬ 
tribute  to  hardness,  but  It  does  help  provide  *  tough  core  and  does  lover 
the  transition  temperature  of  the  case  permitting  a  milder  quench  for  equi¬ 
valent  strength . 

Chromium:  Chrooiimi,  unlike  nickel,  Joins  with  the  carbon  of  the  steel  to 
form  chromium  carbides,  thus  adding  improved  resistance  to  abrasion  and 
wear.  Chromium  also  makes  the  transformation  more  sluggish  and  thus  allows 
depth  hardensbllity .  Of  the  com  on  alloying  elements,  chromium  ranks  near 
the  top  in  hardenability .  Chromium  steels  are  relatively  stable  at  high 
temperatures  because  tenacious  chromiim  oxides  provide  good  surface  barriers 
and  chromium  carbides  resist  solution  st  high  temperature . 
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Molybdenum :  Molybdenum,  like  chromium,  promotes  hardenability  of  steel. 

It  has  a  strong  tendency  to  hamper  grain  growth  prior  to  quenching,  thus 
making  the  steel  fine  grained  and  extra  tough  at  the  various  hardness 
levels.  It  is  also  used  to  increase  tensile  and  creep  strength  at  high 
temperatures.  Alloys  of  both  chromium  and  molybdenum  develop  high  strength 
at  elevated  temperatures. 

Vanadium:  The  gran. -growth -inhibiting  effect  of  vanadium  promotes  a  fine¬ 
grained  structure  over  a  fairly  broad  quenching  range,  thus  imparting 
strength  and  toughness  to  heat-treated  steel.  Vanadium  steel  would  be 
used  for  items  requiring  impact  and  fatigue  resistance. 

Tungsten :  Tungsten  increases  the  hardness,  promotes  a  fine  grained  micro¬ 
structure,  and  resists  heat.  Tungsten  has  a  crystalline  lattice  array  that 
allows  it  to  dissolve  in  both  alpha  and  gamma  iron,  forming  tungsten  car¬ 
bides.  These  carbides  are  very  hard  and  quite  stable. 

Manganese :  Manganese  is  one  of  the  basic  alloying  components  in  steel. 

In  fact,  all  alloys  contain  manganese  to  some  extent.  Ifenganese  contri¬ 
butes  markedly  to  strength  and  hardness,  but  to  a  lesser  degree  then  does 
carbon.  Fine-grained  manganese  steels  attain  unusual  toughness  and  strength. 
They  are  almost  impossible  to  machine  except  by  grinding,  but  they  can  be 
cast  and  rolled. 

Copper:  Copper  is  added  to  steel  in  varying  amounts,  generally  0.2  to  0.5 
percent.  It  is  used  primarily  to  increase  resistance  to  atmospheric  cor¬ 
rosion,  but  also  acts  as  a  strengthening  agent. 

Boron:  Boron  is  used  in  steel  for  one  purpose  -  to  increase  its  harden- 
ability,  or  the  depth  to  which  the  steel  will  harden  when  it  is  quenched. 

Its  use  is  recormended  for  steels  with  carbon  content  of  0.60  percent  or 
less . 

Other  elements,  such  as  sulphur,  exist  as  impurities  in  steel;  some  are 
employed  as  deoxidizing  agents,  in  the  case  of  aluminum. 
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PHYSICAL  PROPERTIES  OP  THE  FERROUS  ALLOYS 


Ferrous  alloys  Include  the  Irons,  steel,  stainless  steels,  and  nickel  steels,  each 
with  a  unique  set  of  physical  characteristics.  These  properties  result  from  the 
metallurgical  mechanism  of  allotropy. 


Allotropy  Is  the  characteristic  of  an  element  which  enables  an  element  to 
exist  In  more  than  one  chrystalline  form.  It  is  allotropy  In  iron,  for 
example,  that  explains  the  unparalleled  range  of  properties  associated  with 
modern  alloys  of  irons  and  steels.  The  main  reason  for  adding  an  alloying 
element  to  Iron  is  to  Improve  Its  physical  properties,  particularly  the 
properties  of  hardness  and  toughness,  through  control  of  this  allotropy. 

Ferrous  alloys  may  be  divided  into  the  following  categories:  Iron  alloys, 
carbon  steel,  alloy  steel,  stainless  steel  and  special  alloys.  Iron  alloys 
(other  than  steel)  are  usually  used  in  cast  or  sintered  forms  except  in 
electrical  applications  and  the  classic  wrought  iron. 

Carbon  steels  are  low  In  cost  due  to  the  large  production  advantages  and  are 
suitable  for  many  uses.  They  may  receive  organic  or  chemical  finishes  or 
be  cadmium,  nickel,  zinc  or  otherwise  plated  for  corrosion  resistance.  Those 
with  carbon  content  above  0.30  percent  are  commonly  heat  treated  to  improve 
strength.  Alloy  steels  are  available  in  a  wide  range  of  hardenabllltles 
through  heat  treatment,  and  are  finished  to  provide  corrosion  resistance 
when  necessary. 

Stainless  steels  are  alloyed  to  give  increased  corrosion  resistance  and  pro¬ 
vide  an  attractive  finish  without  painting  or  plating.  Some  classes  of 
stainless  steel  may  be  heat  treated  to  very  high  strength  levels,  but  are 
characterized  by  less  corrosion  resistance  than  the  non-heat  treatable  grades. 
Austenitic  stainless  steels  are  often  cold  worked  to  high  strength  levels. 
They  are  essentially  non-magnetlc  when  annealed  but  be  cane  progressively 
magnetic  upon  cold  working  due  to  coversion  of  austenite  to  martensite. 

Special  alloys  Include  the  iron-nickel  alloys  with  various  magnetic  and 
electrical  properties  and  other  iron-nickel  alloys  with  very  low  coefficients 
of  thermal  expansion. 

Ferrous  alloys  may  be  fabricated  by  all  cannon  methods  including  forming, 
machining,  sawing,  grinding,  welding,  brazing,  and  adhesive  bonding.  Finish¬ 
ing  may  be  by  polishing,  chemical  treatment,  organic  finishes  or  plating 
systems  as  dictated  by  appearance,  function,  or  corrosion  resistance  require¬ 
ments  . 

Ferrous  alloys  are  generally  divided  into  two  categories:  wrought  and  cast. 
Cast  alloys  of  iron  have  little  application  to  packaging,  while  wrought 
alloys  are  very  basic.  Information  on  mechanical  properties  are  presented 
for  the  various  wrought  alloys  of  steel  and  stainless  steel. 
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ENHANCBOKT  OF  MECHANICAL  PROPERTIES 

•  Increase  in  strength  of  steel  as  manufactured. 

•  Increase  in  toughness  or  plasticity  in  steel  at  any 

minimum  hardness  or  strength. 

•  Increase  of  allowable  maximum  section  which  may  be 

quench-hardened  to  desired  properties. 

•  Decrease  in  quench-hardening  capacity. 

•  Increase  in  rate  of  hardening  with  cold  work. 

•  Decrease  in  plasticity  at  given  hardness  in  the 

interest  of  machinability. 

•  Increase  in  abrasion  resistance  or  cutting  capacity. 

•  Decrease  in  warping  and  cracking  in  development  of 

desired  hardness. 

•  Improvement  of  physical  properties  at  either  high  or 

"*  v  low  temperatures. 

ENHANCEMENT  OF  MAGNETIC  PROPERTIES 

•  Increase  in  initial  permeability  and  maximum  induction. 

•  Decrease  in  coercive  force,  hysteresis  and  watt  loss 

(magnetically  "soft"  iron). 

•  Increase  in  coercive  force  and  remanence  (permanent 

magnets ) . 

•  Decrease  of  all  magnetic  responses. 

ENHANCEMENT  OF  CHEMICAL  INERTNESS 

•  Decrease  of  rusting  in  moist  environment. 

•  De<~* ease  of  attack  at  elevated  temperature. 

•  Decrease  of  attack  by  chemical  reagents. 


ALLOYING  ELEMENTS  IN  STEEL:  The  marked  effect  of  alloying  elements  on 
material  physical  properties  may  be  illustrated  by  their  influence  on 
the  ferrous  materials. (l®) 
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CHARACTERISTICS  OF  THE  ALUMINUM  ALLOYS 


The  aluminum  alloys  are  readily  available  in  a  variety  of  shapes  and  strength  ratings. 
Their  lightness  and  high  resilience  make  the  aluminums  desirable  structural  materials 
for  dynamic  loading  situations. 


Aluminum  Is  the  most  abundant  of  the  metallic  elements  found  in  the  earth's 
crust.  Very  pure  aluminum  Is  quite  soft  and  weak,  and  thus  has  little  appli¬ 
cation  to  structural  problems.  Alloyed  aluminums  exhibit  greatly  Improved 
mechanical  strength  properties  whicn  are  enhanced  (or  degraded  if  misapplied) 
by  various  combinations  of  heat  treatment  and  strain  hardening. 

The  strength  to  weight  ratio  of  the  aluminums,  coupled  with  good  corrosion 
resistance  due  to  a  passive  oxide  film,  are  important  engineering  criteria 
for  equipment  applications.  Cost,  availability,  ease  of  fabrication,  and 
many  other  desirable  assets  are  favorable  to  aluminum  from  a  manufacturing 
standpoint . 

Pure  aluminum  possesses  high  reflectivity  and  high  thermal  and  electrical 
conductivity.  Alloyed  aluminums  are  commercially  available  in  strength 
ranges  approximating  that  of  mild  steel,  at  about  one-third  of  the  weight. 

The  toughness  of  the  hardened  alloys,  however,  is  generally  low  compared 
to  steel.  The  Inherent  stiffness  of  the  aluminums  is  also  about  one-third 
that  of  steel,  as  measured  by  the  elastic  modulus.  The  tenaceous  oxide 
film  generally  tends  to  Interfere  with  welding  operations,  and  presents 
special  problems  in  Joining  operations. 

Aluminum  alloys  are  readily  available  in  a  spectrum  of  strength  levels, 
ranging  from  10  ksi  for  the  1100  series  alloys,  to  nearly  80  ksi  for  the 
70C0  series  alloys.  In  general,  the  lower  strength  alloys  possess  rela¬ 
tively  high  formability  and  corrosion  resistance.  The  higher  strength 
alleys  are  usually  connected  by  mechanical  attachment  due  to  poor  welding, 
brazing,  and  forming  cheoacterlstlcs  and  are  subject  to  brittle  fracture. 

Some  of  the  more  Important  characteristics  and  applications  of  the  aluminum 
alloys  are  summarized  in  the  appendix. 

The  upper  temperature  limit  at  which  most  aluminum  alloys  have  useful 
mechanical  properties  is  300°to  400°F,  although  special  powdered  metal 
alumimxn  alloys  retain  a  high  porportion  of  its  room  temperature  proper¬ 
ties  up  to  700°F. 

Aluminum  alloys  are  produced  in  the  form  of  foil,  sheet,  plate,  bar,  wire, 
extruded  shapes,  impact  extrusions,  hand  and  die  forgings,  die  castings, 
Investment  castings,  permanent  mold  castings,  and  sand  castings.  Except 
for  higher  strength  alloys  such  as  7075  and  ? 024,  which  are  rot  ordinarily 
fusion  welded,  aluminum  alloys  are  weldable  by  all  fusion  and  resistance 
welding  processes . 

Special  controls  are  generally  required,  however,  because  the  aluminum 
alloys  as  a  class  are  Just  not  as  weldable  as  the  ferrous  alloys.  Certain 
of  the  aluminum  alloys,  such  as  6o6l,  can  be  brazed  by  dip,  furnace,  or 
torch  methods.  The  higher  strength  or  more  highly  alloyed  groups  have  poorer 
corrosion  resistance  than  pure  aluminum  because  the  hardening  ingredients 
cause  anodic  cells  and  the  materially  stressed  structure  is  in  a  high  energy 
state.  Where  maximum  corrosion  resistance  is  required,  the  higher  strength 
alloys  in  sheet  and  plate  are  customarily  clad  with  a  higher  purity  aluminum. 
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Anodizing  and  other  chemical  conversion  coatings  are  used  to  improve  cor¬ 
rosion  resistance  or  to  provide  a  base  for  organic  finishes.  Where  wear 
resistance  is  required,  hard  anodized  coatings  as  thick  as  0.002  inch  are 
used.  Higher  strength  properties  may  be  obtained  in  most  aluminum  alloys 
by  cold  work,  heat  treatment,  or  some  combination  of  the  two. 

Aluminum  is  commonly  alloyed  with  copper,  silicon,  manganese,  magnesium, 
zinc,  and  nickel.  Aluminum  alloys  owe  their  mechanical  properties  to 
heat  treatment  and  cold  working.  Heat  treatment  is  the  process  of  solution 
treating  at  elevated  temperature,  followed  by  quenching  and  then  aging 
at  lower  temperature.  This  process  is  known  as  precipitation  heat  treat¬ 
ment.  Cold  fcork  of  these  alloys  is  accomplished  by  rolling,  forging, 
stretching,  extruding,  or  straightening. 


Heat  Treated 
Alloy  Steels 


Wrought 
Alum.  Alloys 
(Heat  Treated ) 


Cast  Aluminum 

Alloys 

(Heat  Treated)  structural 
Steels 


Cast 

Aluminum 

Alloys 


Specific  Strength 


Titanium 


Magnesium  Alumlnum 


^Allo^^ 


Alloy 

Steels 


Structural 

Steels 


Relative  Cost  ($/Lb) 


PROPERTIES  OF  STRUCTURAL  ALLOYS:  A  comparison  of  strength -weight  ratios 

and  cost  for  some  typical  engineering  materials. 
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MECHANICAL  PROPERTIES  OF  THE  MAGNESIUM  ALLOYS 


The  ngnesium  alloys  exhibit  moderate  physical  properties  for  structural  application.?, 
combined  vith  extreme  low  density. _ 


Magnesium  alloys  find  their  greatest  use  in  applications  where  their  low 
density  is  an  important  constraint.  Moderate  mechanical  properties  at 
room  and  elevated  temperatures  become  very  desirable  when  considered  in  con¬ 
junction  with  potential  weight  savings.  (Magnesium  alloys  are  approximately 
one-fourth  as  heavy  as  steel. )  Lightweight  structures  exhibiting  good 
strength,  excellent  rigidity,  good  fatigue  properties  at  low  stress  levels, 
and  useful  strength  at  temperatures  to  800*F  are  possible  with  magnesium. 
Magnesium  also  possesses  the  useful  attribute  of  high  damping  capacity, 
making  it  an  ideal  material  for  dynamic  applications  where  a  low  resonant 
response  is  desirable. 

Both  wrought  and  cast  magnesium  alloys  are  characterized  by  excellent 
dimensional  stability  at  temperatures  up  to  200°F.  Another  important 
feature  in  the  fabrication  of  magnesium  components  is  the  excellent 
machineabllity  of  the  alloy.  Cutting  speeds  up  to  ten  times  of  that  used 
for  steel  is  not  uncomon.  Welding  of  these  alloys  is  accomplished  by 
fusion  or  resistance  methods.  Fusion  welding  can  produce  Joints  with  load 
efficiencies  up  to  90  percent.  Structural  magnesium  materials  are  usually 
alloyed  with  aluminum,  zinc,  zirconium,  maganese,  thorium,  and  certain  of 
the  rare  earth  materials . 

A  sunmary  of  mechanical  properties  of  the  magnesium,  alloys  is  presented  in 
the  appendix;  Included  are  the  wrought,  forged,  and  cast  alloys. 
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CHARACTFPISTICS  OF  EEPYTUUM  AND  TITANIUM  ALLOYS 

The  beryllium  and  titaniuir  light  metal  alloys  offer  some  unique  physical  properties 
for  structural  applications.  There  are  scce  important  limitations  in  cost,  fabrica- 
tlcn,  and  Impact  strength. 


Beryllium  and  titanium  alloys  are  generally  classified  in  the  light  metals 
category,  having  densities  comparable  vith  aluminum  and  magnesium.  Their 
strength  capabilities,  ho. fever,  exceed  these  of  the  aluminums  and  compare 
favorably  vith  some  heat  treated  steels.  Although  many  of  the  processing 
problems  of  the  titanium  alloys  have  Deen  solved,  the  processing  of  beryllium 
is  still  in  the  developmental  stage. 

Titanium  has  a  high  strength-weight  ratio  and  good  corrosion  resistance, 
even  to  exposure  to  saxt  water,  ns  mecnamcai  propex  tieb  xie  uetveen  steel 
and  aluminum  in  ductility,  density,  elasticity,  strength  and  serviceability. 
Titanium  has  yet  to  reach  a  useage  plateau  near  its  potential  due  to  high 
manufacturing  costs  stemming  from  difficulties  with  fabrication.  Titanium 
alloys  are  available  'n  sheet  and  bar  form,  and  in  strengths  up  to  130  ksi. 

Beryllium  is  one  of  the  lightest  of  the  stable  metals,  vith  strengths  com¬ 
parable  to  heat  treated  aluminum  alloys,  combined  with  a  high  modulus.  Its 
extremely  high  elastic  modulus  gives  it  a  rigidity  superior  to  any  of  the 
structural  materials.  Machining  beryllium  presents  some  special  problems, 
however,  ar.d  cold  forming  is  not  practical.  Adhesive  bonding,  soldering, 
welding,  and  brazing  are  possible  under  controlled  conditions.  Beryllium 
alloys  are  extremely  costly  to  produce  and  fabricate  at  this  time,  and  are 
applicable  only  to  cases  of  high  weight  penalty.  Characteristically, beryl¬ 
lium  alloys  are  extremely  brittle  and  their  inability  to  absorb  strain 
energy  make  the  alloys  of  limited  applicability  in  impact  siutations  even  if 
the  economics  were  favorable. 
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CHARACTERISTICS  OF  COPPER  AND  ITS  ALLOYS 


The  copper  alloys  find  their  principal  application  in  electrical  circuitry  where 
good  conductivity  is  essential.  Sane  of  the  brass  and  bronze  alloys  offer  modest 
mechanical  properties  for  structural  applications. 


Pure  copper  is  characterized  by  low  strength,  good  ductility,  high  electrical 
and  thermal  conductivity,  and  good  corrosion  resistance.  However,  by  the 
addition  of  one  or  more  alloying  elements,  a  wide  varieity  of  properties  may 
be  obtained. 

The  copper  category  includes  copper  alloys  of  tellurim,  zirconium,  cobalt, 
chromium,  arsenic,  lead,  phosphorus,  sulfur,  or  beryllium.  Brasses  are 
basically  alloys  of  copper  and  zinc  which  may  also  include  manganese,  alumi¬ 
num,  arsenic,  silicon,  and  lead. 

The  greatest  single  application  of  the  coppers  is  in  electrical  circuitry  due 
to  their  high  electrical  conducitivity  plus  ductility  and  corrosion  resis¬ 
tance  . 

The  corrosion  resistance  of  copper  is  relatively  good  for  specific  corrosive 
media;  certain  copper  alloys  give  even  better  protection  than  pure  copper. 
Unfortunately,  exposed  copper  surfaces  will  change  color  as  they  acquire  a 
protective  oxide  film.  This  film  may  be  detrimental  for  decorative  or 
pschological  reasons  even  though  the  metal  properties  are  not  affected.  In 
addition,  copper  in  contact  with  dissimilar  metals  must  be  separated  from 
the  environment  primarily  to  protect  the  other  more  anodic  metals  of  the 
combinations.  For  these  reasons,  copper  is  often  given  a  plating  of  cad¬ 
mium,  nickel,  silver  or  gold,  or  a  black  oxide  finish. 

The  mechanical  properties  of  copper  alloys  cover  a  wide  range  from  the  deep 
draw  formability  of  cartridge  brac6  to  the  very  hard  spring  materials  such 
as  beryllium  copper  and  phosophor  bronze.  Many  copper  alloys  are  also  avail¬ 
able  in  leaded  versions  to  improve  the  rather  poor  machineability  typical  of 
most  of  these  materials. 
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Some  alloys  of  nickel,  cobalt,  and  molybdenum  are  capable  of  retaining  their  moderate 
physical  properties  at  elevated  temperatures. 


There  are  several  special  purpose  alloys  of  only  passing  interest  to  the 
packaging  engineer,  which  round  out  the  materials  list.  Some  of  the  high 
temperature  application  alloys  of  commercial  importance  are  the  nickel, 
cobalt,  and  molybdenum  alloys. 

Nickel  alloys,  and  also  the  cobalt  alloys,  generally  exhibit  good  corrosion 
resistance  and  mechanical  strength  at  temperatures  up  to  2000°F,  depending 
on  the  alloy.  Nickel  alloys  are  available  in  bar,  sheet,  plate,  and  wire 
forms.  Their  strength  is  developed  by  precipitation  heat  treatment  and  work 
hardening . 

Molybdenum  alloys  exhibit  good  mechanical  properties  at  elevated  tempera¬ 
tures.  They  also  have  excellent  rigidity  and  low  thermal  expansion.  Oxida¬ 
tion  protection  is  usually  indicated  for  these  alloys,  particularly  at  high 
temperatures.  The  molybdenums  may  be  fabricated  by  brazing  and  welding, 
but  requires  special  techniques  for  machining. 


+  ► 
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CHARACTERISTICS  OF  THE  COWON  PLASTICS  AND  FABRICATED  MATER IAIS 


Plastics  and  composite  structural  materials  offer  a  vide  spectrum  of  physical  pro- 
pertles  for  packaging  applications. 


The  classification  of  the  many  plastic  materials  may  be  made  according  to 
form  or  shape,  processing  requirements,  mechanical  and  electrical  properties, 
and  application.  Plastics  are  usually  referred  to  by  type,  either  thermo¬ 
plastic  or  thermosetting.  Thermoplastic  resins  soften  when  heated  and  may 
then  be  formed  or  shaped.  This  process  is  reversible  and  may  be  repeated 
as  necessary.  Thermosetting  resins  are  reacted  (cured)  to  infusible  solids 
in  conjunction  vith  the  shaping  process  by  the  action  of  heat  and/or  chemical 
catylization,  occasionally  accompanied  by  elevated  pressure.  No  further 
forming  can  take  place  after  the  material  is  fully  cured.  Thermoplastics 
find  their  most  useful  applications  in  small  parts  and  components;  thermo¬ 
setting  plastics  have  application  to  basic  structure  and  transport  cases. 

Thermoplastics  are  usually  formed  vithout  fillers,  while  thermosetting  plas¬ 
tics  find  their  greatest  use  as  binders  in  laminated  or  filled  forms  and 
as  adhesives.  laminated  plastics  employ  layers  of  paper,  textiles,  glass 
fibers,  and  glass  fabric  as  a  reinforcing  material.  Asbestos,  cellulose 
fibers,  graphite,  and  metal  and  plastic  fibers  are  also  used  as  fillers  in 
reinforced  plastics.  Strength,  flexibility,  coefficient  of  thermal  expansion, 
conductivity,  specific  gravity,  abrasion  resistance,  and  environmental 
resistance  can  all  be  controlled  over  vide  ranges  by  the  judicious  use  of 
fillers  and  reinforcements. 

Composite  structural  materials  are  now  being  fabricated  from  dissimilar  raw 
stock  to  the  advantage  of  the  individual  materials .  The  honeycomb  panel 
for  example,  is  produced  in  a  variety  of  geometries,  vith  differing  facing 
and  filler  material.  In  concept,  although  not  In  appearance,  the  honeycomb 
sandwich  is  similar  to  any  other  laminated  panel  where  layers  of  three  or 
more  materials  are  bonded  together  to  produce  a  structure  of  greater  strength 
than  that  of  the  6um  of  individual  layers.  The  honeycomb  sandwich  1b  usually 
made  up  of  layers,  with  two  outer  sheets,  or  facings,  bonded  to  a  compara¬ 
tively  thick  Internal  honeycomb  core. 

High  strength-to-weight  ratio  is  probably  the  best  known  quality  of  the 
honeycomb  sandwich.  However,  honeycomb  panels  have  other  superior  qualities 
such  as  resistance  to  heat  transfer  and  vibration,  which  can  be  Just  as 
important  as  strength  to  weight  ratios. 

In  general,  any  metal  that  can  be  made  into  a  foil  then  welded,  brazed,  or 
adhesive  bonded  can  be  made  into  honeycomb.  In  a  honeycomb  sandwich, 
the  facings  generally  are  the  prime  load  carrying  members.  The  main  function 
of  the  core  is  to  provide  an  essentially  continues  support  and  stabiliza¬ 
tion  for  the  facings,  which  are  under  compression  and/or  tension  when  the 
panel  i6  loaded.  At  the  same  time,  the  core  itself  must  withstand  shear 
and  compression  stresses  resulting  from  the  loading. 
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MECHANICAL  PROPERTIES  OF  ALLYLIC  PREPOLYMERS ^ 35 ^ 


Diallyl 

Phthalate 

Diallyl 

Isophthalate 

Tensile  Strength  (psi) 

4300 

Flexural  Strength  (psi) 

7000  to  9000 

7400  to  8300 

Flexural  Modulus  (l(£  psi) 

0.5 

0.5 

Impact  Strength,  Izod 

(ft-lb/in.  of  notch) 

0.2  to  0.3 

0.2  to  C.3 

Deflection  Temp  (C) 

at  264  psi 

155 

238 

at  546  psl 

• 

184  to  211 

Hardness,  Rockwell 

Mil4  to  H116 

MU  9  to  M121 

Specific  Gravity  at  25  C 

1.27 

1.264 

Refractive  Index  at  25  C 

1.571 

1.569 

Moisture  Absorption 

24  hr,  25  C  (per  cent) 

0.0  to  0.2 

0.1 

Dielectric  Constant, 

at  60  Hz 

9.9 

3.4 

Dissipation  Factor, 

at  6C  Hz 

0.006 

0.006 

Volume  Resistivity 

1.7  x  10l6 

3.9  x  1017 

at  25  C  (ohm -cm) 

Surface  Resistivity 

9.7  x  1015 

8.4  x  10 12 

at  25  C  ( ohm -cm ) 

Dielectric  Strength 

step  by  step,  v/mil 

450 

422 

Arc  Resistance  (sec) 

~ 

123  to  128 

TYPICAL  PROPERTIES  OF  EPOXY  -  GLASS -CLOTH  LAMINATES^35 ) 


At  73  F 


Flexural  Strength  (psi) 

76,000  (■ 

Flexural  Modulus  (psi ) 

3.3  x  10 

Tensile  Strength  (psi) 

55,000 

Compressive  Strength,  edgewise  (psi ) 

52,000 

Water  Absorption,  24  hr  (per  cent) 

+0.1 

After  30  days  water  immersion: 

Flexural  Strength  (psi) 

66,500  s 

Flexural  Modulus  (psi) 

3.2  x  10° 

Tensile  Strength  (psi) 

52,000 

Compressive  Strength  (psi) 

48,000 

At  160  F 

Flexural  Strength  (pel) 
Flexural  Modulus  (psi ) 

At  4 00  F 

Flexural  Strength  (psl ) 
Flexural  Modulus  (psl) 


At  300  F 


70,000  (■ 

Flexural  Strength  (psi) 

55,000  , 

3.2  x  10° 

Flexural  Modulus  (psi) 

2.9  x  10 

At  500  F 

40,000  (■ 

Flexural  Strength  (psi) 

25,000  s 

2.8  x  10° 

Flexural  Modulus  (psl) 

2.5  x  10° 

Tensile  Strength  (psi ) 

45,000 

Compressive  Strength(psi )  19,000 

At  500  F  (after  192  hr  at  500  F) 
Flexural  Strength  (psi)  40, 000  , 

Flexural  Modulus  (psi)  2.5  x  10° 


STRUCTURAL  PIASTICS:  AllyliC6  and  epoxies  are  typical  of  the  thermosetting 
plastics  that  have  application  in  electronic  packages. 
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MATH1AI4  AID  PROCESS 

sbctioh  s  -  MAiaPAcnntmG  process  aid  procedure 

•  Manufacturing  Techniques  Applied  to  Equipment  Structure 

•  Joining  by  Mechanical  Fabrication 
a  Welding:  A  Fusion  Joining  Process 
e  Bracing  and  Soldering 

e  Structural  Joining  by  Adhesive  Bonding 
e  Forming  by  Casting 

e  Forming  Procedures  Involving  Material  Bam  oval 

e  Structural  Farming  by  Material  Deformation 

e  Heat  Treatment:  A  Material  Process  to  Improve  Mechanical 
Properties 

e  Surface  Hardening  Techniques 
e  Plating  and  Chemical  Finishing 
e  Plotting  and  Encapsulation 


Most  manufacturing  procedure*  may  be  categorized  into  divisions  of  Joining  or  foming 
operations.  This  oategorl  zatioo  provides  a  correnlent  organizational  aathod. 


i 


The  preceding  section  dealt  with  the  physical  properties  of  materials,  how 
they  are  determined,  and  how  they  are  applied  to  a  design  situation.  A 
design  decision  of  equal  Importance  Is  the  selection  of  the  fabrication 
process  that  is  to  be  employed,  as  veil  as  decisions  relating  to  the  aaterlal 
processes  to  be  used.  The  breakdown  of  procedures  and  processes  that  will 
be  presented  In  subsequent  sections,  are  organized  as  shown  In  the  adjacent 
figure. 

Mechanical  Joining  methods  Include  riveting,  bolting,  or  screwing,  and  thus 
are  Halted  to  those  materials  that  can  tolerate  a  hole  being  drilled  or 
punched  without  extreme  degradation  of  the  base  material.  The  obvious 
disadvantage  to  me ch -fastening  Is  the  necessity  for  material  removal  and 
the  accompanying  problems  of  stress  concentration  and  crevice  corrosion . 

Welding  Is  the  intimate  union  of  elements  by  fusion  of  the  base  material. 

The  material  Is  heated  until  a  molten  or  plastic  state  Is  reached  and  fusion 
occurs,  occasionally  with  the  addition  of  mechanical  pressure.  The  use  of 
a  fluxed  filler  rod  to  build  up  the  weld  area  is  cams  on,  and  frequently 
welding  Is  done  In  the  presence  of  an  Inert  gas  to  preclude  oxidation. 

Welding  is  applicable  to  member's  constructed  of  the  same  metal  composition, 
as  well  as  dissimilar  materials  under  certain  conditions. 

Brazing  and  soldering  are  metal  Joining  processes  In  which  another  metal  or 
alloy  Is  used  to  fuse  base  elements.  The  f>\slng  alloy  usually  has  a  sub¬ 
stantially  lower  melting  point  than  the  base  aaterlal,  which  allows  the  orig¬ 
inal  aaterlal  to  retain  more  of  Its  mechanical  properties  after  Joining. 
Brazed  Joints  usually  exhibit  considerable  strength  and  are  able  to  with¬ 
stand  higher  temperature  environments  then  the  soldered  Joint.  Soldering, 
however,  Is  less  detrimental  to  the  basic  material  characteristics. 

Adhesives  and  other  special  cements  are  capable  of  holding  materials  together 
by  surface  attachment,  without  thermal  processes  and  without  reduction  of 
structural  sections.  Adhesives  have  the  great  advantage  of  Joining  dissim¬ 
ilar  materials  without  complicated  metallurgical  considerations.  Adhesives 
generally  tend  to  have  Inferior  strength  when  compared  with  the  strength  of 
the  base  materials  available.  Since  moet  bonding  agents  are  organic,  adhe¬ 
sives  tend  to  weaken  rapidly  with  s  rise  In  temperature . 

Forming  procedures  are  those  manufacturing  processes  that  configure  a  struc¬ 
ture  by  material  deformation,  material  removal,  or  the  mold! nr  of  cast 
aaterlal.  Hie  casting  and  molding  category  Includes  sand  casting,  permanent 
sold  casting,  shell  molding,  die  casting  centrifugal  casting,  and  Investment 
casting.  Also  grouped  in  this  category  are  the  special  processes  of  sinter¬ 
ing  and  powder  metallurgy . 

Forming  by  material  removal  includes  all  of  the  conventional  machining  opera¬ 
tions  such  as  milling,  turning,  and  hole  preparation,  as  well  as  the  sur¬ 
facing  and  finishing  operations  such  as  grinding,  broaching,  and  honing . 

This  category  also  includes  seme  of  the  exotic  forming  processes  such  as 
chemical  milling  and  ultrasonic  ms  chining.. 
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Forming  by  material  deformation  processes  is  characterized  by  the  working 
of  the  structural  material,  without  chips.  Forming  processes  are  accom¬ 
plished  either  hot  or  cold,  depending  on  the  relationship  of  operational 
temperature  and  mate-ial  recrystallization  temperature.  The  material 
deformation  operations  include  forging,  extruding,  cold  heading,  stamping, 
spinning,  drawing,  cold  rolling,  and  high  energy  forming  processes. 

Material  processing,  although  more  a  characteristic  of  materials  rather 
than  a  manufacturing  procedure,  is  of  primary  importance  in  developing  and 
enhancing  basic  material  properties.  An  example  of  these  processes  is 
heat  treatment,  which  is  employed  to  improve  the  mechanical  properties 
of  engineering  materials.  Heat  treatments  for  ferrous  alloys  include 
quench  and  temper,  anneal,  normalize,  and  other  processes  that  can  enhance 
the  physical  properties  of  a  material  pidor  to  service  or  other  fabrica¬ 
tion  operations.  Other  alloys  of  interest  to  the  structural  designer  are 
strengthened  by  precipitation  heat  treatment,  a  process  used  with  the  alumi¬ 
num  alloys. 

Surface  conditions  and  strength  are  vital  to  the  integrity  of  a  dynamically 
loaded  structure.  Surface  hardening  techniques  of  interest  to  the  packaging 
engineer  include  flame  and  induction  hardening,  carburizing,  nitriding, 
and  cyaniding. 

Surface  finishing  processes  of  plating  and  chemical  finishing  are  custom¬ 
arily  used  by  the  structural  engineer  to  improve  environmental  protection 
and  appearance.  Anodic  plating  is  an  effective  corrosion  barrier  for 
certain  engineering  materials,  as  are  chemical  conversion  coatings.  Primers 
and  paint6  enhance  appearance  and  provide  a  measure  of  environmental  pro¬ 
tection. 

Potting,  sealing,  and  encapsulation  are  useful  packaging  techniques  for 
preventing  or  absorbing  dynamic  excitations  as  well  as  providing  good 
electrical  and  environmental  insulation.  These  processes  include  embed¬ 
ment,  potting,  encapsulation,  impregnation,  molding,  and  conformal  coating. 


Mechanical  Fastening 

Joining 

Welding 

Procedures 

Brazing  and  Soldering 

Bonding  and  Adhesives 

Forming 

Procedures 

Casting  and  Molding 

Material  Removal  -  Machining 

Material  Deformation  -  Hot  and  Cold  Work 

Heat  Treatment 

Material 

Surface  Hardening 

Processing 

Plating  and  Finishing 

Potting,  Sealing,  and  Encapsulation 

MANUFACTURING  PROCEDURES:  The  fabrication  operations  having  impact  on 
material  physical  properties  include  Joining,  forming,  and  material 
processes. 
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JOINING  BY  MECHANICAL  FABRICATION 


Mechanical  joining  usually  involves  a  fastener  which  precludes  a  variety  of  design 
problems.  A  thorough  knowledge  of  fasteners  and  detail  of  their  application  is 
needed  for  good  design. 


Mechanical  fabrication  procedures  invariably  involve  some  type  of  fastener, 
and  consequently,  a  thorough  knowledge  of  fasteners  is  Imperative  to  their 
proper  application.  There  are  literally  thousands  of  fasteners  manufactured 
by  as  many  different  companies  available  to  the  structural  designer.  Fasten¬ 
ers  are  manufactured  from  a  variety  of  materials,  ranging  from  soft  brass  to 
a  highly  alloyed,  ultra -hich  strength  steel.  Some  of  the  common  materials 
used  for  contemporary  fasteners  are  alloys  of  steel,  aluminum,  brass,  copper, 
nickel,  stainless  steel,  and  many  non -metallic  materials  as  well.  A  variety 
of  finishes  and  coatings  are  applied  to  fasteners,  primarily  to  improve 
appearance  and  corrosion  resistance.  These  Include  mechanical  platings, 
electro-deposited  coatings,  chemical-conversion  coatings,  and  hot  dip 
coatings.  'Hius,  the  designer  is  faced  with  the  formidable  task  of  select¬ 
ing  the  optimum  fastener  design,  fastener  material  (and  its  heat  treatment), 
and  fastener  coating,  to  suit  a  given  environment.  A  proven  approach  in 
organizing  this  wealth  of  information  is  to  maintain  an  up-to-date  library 
of  fastener  details  for  convenient  and  trusted  manufacturers,  plus  some 
general  discussions  on  fasteners  such  as  reference  (21). 

The  category  of  fasteners  includes  bolts,  screws^  rivets,  nuts  and  washers, 
studs,  clinching  devices,  inserts,  retaining  devices  and  l  range  of  quick- 
operating  mechanisms. 

Proper  use  of  fasteners  in  a  mechanical  Joint  involves  attention  to  detail 
by  the  designer.  Rather  than  discuss  the  minutae  of  fasteners,  most  of 
which  is  better  covered  in  the  literature,  this  section  will  offer  some 
design  tips  on  the  application  and  implementation  of  the  mechanical  Joint. 

Threads  in  Shear:  This  is  a  common  mistake  in  the  application  of  a  threaded 
fastener  to  shear  situations.  Threads  are  fastening  devices  to  be  used  in 
tension  (along  the  length  of  the  fastener)  and  are  satisfactory  in  this 
direction  since  the  load  spreads  out  along  the  thread  length.  Threads 
in  shear,  however,  are  perfect  sources  of  incipient  fatigue  cracks,  even  for 
lightly  loaded  Joints.  Always  provide  a  thread  grip  in  excess  of  the  joint 
thickness  in  shear,  and  washer  out  past  the  thread  start  for  the  nut. 

Combined  Loads:  This  is  more  of  an  analysis  shortcoming  than  a  fastener 
problem.  Often  fasteners  are  loaded  simultaneously  in  shear  and  tension. 
Tension  in  a  shear  Joint  may  occur  Inadvertently  from  bending  in  the  fastener 
or  from  an  unsuspected  "kick"  load  due  to  a  misalignment  of  force  and 
resistance.  Shear  often  occurs  in  a  Joint  designed  for  pure  tension  by 
accidental  pick  up  of  load  due  to  a  tight  fit  of  the  fastener.  The  rules  are: 
construct  a  good  free  body  diagram  of  the  fastened  member,  to  Include  all 
kick  loads  acting  (it  helps  keep  the  line  of  action  of  the  forces  within  the 
base  of  the  Joint);  make  the  shear  joints  stiff  enough  laterally  to  preclude 
rotation,  and  subsequent  tension  in  the  fasteners;  provide  clearance  for 
tension  fasteners  so  they  will  not  load  up  in  shear;  be  aware  of  the  shear- 
tension  interaction  curves  for  common  fasteners . 

Multiple  Fastener  Joints:  The  Important  criterion  here  is  the  match  up  of 
holes  such  that  all  the  fasteners  are  loaded.  Poorly  fitted  groups  will 


10.5-2 


VOLUME  III 


«0* 


sometimes  cause  failure  of  the  tight  fastener,  and  a  subsequent  "d amino" 
type  failure  of  the  rest.  Even  in  the  best  matched  multiple  shear  fastener 
attachments,  the  first  row  of  fasteners  is  subjected  to  more  load  than  the 
last  row  of  the  series.  At  best,  multiple  fasteners  will  fail  in  a  mode 
characteristic  of  fatigue. 

Spacing :  Improper  edge  distance  may  greatly  decrease  the  efficiency  of  a 
group  of  fasteners.  One  and  one- half  diameters  is  a  good  rule  for  most  duc¬ 
tile  materials,  with  a  four  diameter  spacing  between  fasteners  to  minimize 
stresses  between  the  holes.  Ir.  addition,  the  thickness  of  the  shear  mate¬ 
rial  may  decrease  the  loading  efficiency  of  the  fastener,  particularly  for 
thin  sheets. 

Balanced  Stress:  High  stress  in  the  base  material  coupled  with  low  stress 
in  the  fastener  is  generally  to  be  avoided  in  dynamic  applications.  Failure 
due  to  stress  corrosion  or  fretting  fatigue  is  common  in  such  situations. 

Any  unusually  high  local  stress  is  a  potential  source  of  fatigue  failure. 

Joint  Compliance:  A  good  method  of  reducing  transmissibility  across  a 
Joint  is  to  intentionally  introduce  some  compliance  at  the  material  inter¬ 
face.  This  may  be  accomplished  with  a  spongy  material  layer  within  the 
Joint,  arranged  to  load  the  compliant  material  in  shear  (subject  to  func¬ 
tional  limitations).  A  riveted  Joint  also  has  this  capability  due  to  minute 
slippage  across  the  Joint. 

*  a 

Preload:  Prelcrti  in  a  tensile  fastener  is  used  to  '•educe  the  severity  of 

r  load  reversal;  that  is,  the  ratio  of  maximum  to  minimum  tension  in  the 

fastener.  The  core  closely  these  two  values  are  to  1.0,  the  least  affect 
results  from  repeated  stress.  This,  of  course,  is  subject  to  the  strength 
limitation  of  the  fastener.  In  general,  preload  should  be  used  to  oppose 
the  anticipated  service  stresses.  Preload  in  a  fastener  is  usually  accom¬ 
plished  by  torque -up  of  the  nut  on  a  threaded  fastener. 

Nut  Retention:  The  prime  feature  of  a  nut  under  a  repetitive  loading 
situation  i the  need  to  retain  the  joint  preload  tcrqued  in  when  the  joint 
is  first  made.  Thus,  various  schemes  have  been  de-  ised  to  maintain  the  nut 
makeup  during  vibration.  The  most  reliable  of  these  approaches  is  the 
cotter  pin  cr  lock  wire.  Thf Be  devices  are  used  in  primary  shear  Joints, 
where  loosening  of  the  pin  (or  bolt)  would  cause  catastrophic  failure. 

Other  lockirg  devices  include  metal  and  plastic  inserts  that  resist  turn¬ 
ing  in  the  threaded  Joint;  crimped  nuts  which  resist  turning  by  gripping 
the  thread;  mechanical  staking,  a  practice  generally  to  be  avoided  in 
fatigue  situations  because  of  the  incipient  notch;  and  chemical  staking  which 
use6  the  bonding  capability  of  a  fluid  material  to  lock  the  nut  in  place. 

A  positive  feature  of  sane  nut-retention  ideas  is  the  ability  of  the  Joint 
to  be  made,  loosened,  and  remade  a  few  times  with  the  same  components  without 
loss  of  the  locking  feature. 

Contact  Potential:  Check  for  galvanic  corrosion;  the  Intimate  contact  of 
dissimilar  metals  may  cause  galvanic  attack  of  the  less-noble  material, 
particularly  in  the  presence  of  a  corrosive  media  and  a  high  local  contact 
stress.  To  avoid  this,  seal  the  Joints  with  polys ulfide,  RTC,  or  chromate 
primer . 
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WEIDINO:  A  FUSION  JOINING  PROCESS 


Depending  upon  the  effort  of  the  allotroplc  and  Detestable  transitions,  all  metals  are 
weldable  by  all  processes.  The  design  decision  is  one  of  matching  the  optimum  proce- 
dure  to  the  material  and  its  application. _ _ 


Welding,  brazing,  and  soldering  are  a’ l  methods  of  Joining  metals  by  fusion 
of  the  base  material,  or  the  fusion  ot  a  filler  material.  The  differences 
are  largely  those  of  fusing  temperature. 

When  the  process  involves  localized  temperatures  exceeding  the  melting  point 
of  the  base  metal,  the  process  is  known  as  welding.  If  a  filler  material 
is  used  in  the  welding  operation,  it  usually  is  different  in  canpo6ttion 
but  related  by  class  to  the  base  material. 

Fusion  welding  is  the  process  generally  used  for  structural  applications 
and  is  capable  of  providing  strength  nearly  equal  to  that  of  the  base  metal, 
but  with  reduced  ductility  and  toughness.  Heat  treatable  alloys  are  usually 
not  welded  after  heat  treating  because  of  decreased  strength  in  the  heat- 
affected  zone  and  cracking  in  certain  alloys.  Work  hardened  alloys  will 
also  be  weakened  by  fusion  welding.  Heat  treatable  aluminum  alloys  except 
2219  and  6061  are  usually  not  welded  by  fusion  methods  because  the  alloy 
ingredients  that  cause  hardening  also  cause  incipient  fusion  in  adjacent 
areas  with  consequent  embrittlement.  Resistance  welding  utilizes  the 
resistance  of  the  base  metals  to  the  flow  of  electric  current  to  heat  the 
metals  in  a  very  small  area  and  produce  a  weld  under  the  combined  effects 
of  fusion  and  pressure.  Systems  for  providing  multiple  spot  welds  are 
called  seam  welds.  This  process  may  be  used  with  many  alloys  that  are  not 
fusion  weldable,  but  when  employed  on  these  materials,  precautions  should  be 
taken  to  assure  that  the  reduction  in  the  size  of  the  heat  affected  zone 
is  adequate  to  provide  reliability. 

Welding  processes  are  )ften  classified  as  to  their  effect  on  the  base 
material.  Welding  of  many  steels,  for  example,  causes  the  formation  of  a 
hard  microstructure,  martensite,  in  the  region  of  the  weld  which  must  be 
controlled  by  adjustment  of  the  temperature -time  gradients.  Welding  problems 
are  thus  minimized  in  steels  having  low  hardenability,  or  cases  where  the 
Joined  members  are  slowly  cooled  after  welding.  Weld  cracking  is  often 
aggravated  by  the  presence  of  hydrogen,  which  causes  embrittlement. 

Non-ferrous  alloys  are  also  greatly  affected  by  the  welding  process.  Solu¬ 
tion  treated  alloys  will  be  re-treated  in  the  region  of  the  weld,  and  may 
age  naturally.  Often,  a  filler  rod  of  higher  physical  properties  is  used 
to  upgrade  the  weld  strength.  A  compromise  solution  to  weld-induced  problems 
is  the  re-heat  treatment  of  the  assembly  after  welding.  A  better  solution 
is  to  maintain  the  parent  metal  relatively  soft  and  tough  and  the  weld 
relatively  strong.  This  forces  the  structure  to  hinge  in  the  parent  metal. 
Welding  materials  that  have  been  previously  hardened  by  cold  working  has 
the  effect  of  softening  the  material  in  the  region  of  the  weld.  TMs  is 
why  materials  hardenable  by  cold  work  are  generally  more  weldable  than  those 
hardened  by  metastable  transitions. 

The  welding  process  is  adversely  affected  by  flaws  resulting  from  the  opera¬ 
tion,  such  as  porosity,  cracking,  and  inclusions  of  oxide  and  slag.  Many 
of  these  flaws  are  the  result  of  poor  technique,  while  some  (such  as  hot 
shortness  cracking)  are  Inherent  in  the  base  alloy.  Gas  porosity  and  inclusions 
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are  serious  problems  to  be  avoided  ir.  welded  joints  subjected  to  vibration, 
since  they  are  potential  sources  of  fatigue  cracks. 

The  low  carbon  steels  are  weldable  by  most  common  processes.  Alloy  steels, 
where  the  formation  of  martensite  is  a  critical  consideration,  is  customarily 
welded  by  processes  which  permit  good  control  of  heating  and  cooling  rates. 
Care  must  be  taken  in  evaluating  the  preheat  and  postheat  treatment  require¬ 
ments  when  welding  the  st$el  alloys. 

Depending  on  the  effect  of  allotropie  and  metastable  transitions,  all  metals 
are  weldable  by  all  processes.  Nickel  and  nickel  alloys  may  be  welded  by 
the  arc  processes  as  well  as  oxyacetylene  techniques.  Austenitic  stainless 
steels  are  weldable  by  shielded  arc,  ga6  metal  arc,  and  gas  tungsten-arc 
processes.  The  aluminum  alloys  are  usually  welded  by  inert  gas-arc  processes. 
Gas  welding  is  possible,  but  generally  has  poorer  post  weld  properties, 
primarily  as  a  secondary  effect  of  the  fluxes  which  must  be  used.  Weld 
defects  of  cracking,  incomplete  fusion  and  penetration  because  of  the  par¬ 
ticular  refractory  and  tenacious  character  of  the  surface  oxides,  are  common 
drawbacks . 


The  most  important  welding  process  for  the  magnesium  alloys  now  in  use  is 
the  gas  tungster-arc  process,  although  other  techniques  are  feasible,  under 
specific  conditions. 


Brazing 

Torch 

Twin-cart,  n  arc 
Furnace 

Induction 

Resistance 

Dip 

Block 

Flow 

Forge 

Welding 

Hammer 

Die 

Roll 

Gas 

Welding 

Air-acetylene 

Oxy-acetylene 

Oxy-hydrogen 
Pressure  Gas 

Thermit  1  Pressure  thermit 
Welding  ■  Nonpressure  thermit 

Resistance 

Resistance-spot 

Resistance-sean 

Projection 

Flash 

Upset 

Percussion 

Flow 

Welding 

Induction 

Welding 

Welding 

Arc 

Welding 

Carbon 

Electrode 

Metal 

Electrode 

Shielded  - 

Unshielded  — — 

Shielded  — 

Unshielded  - 

1  Shielded  carbon-arc 
|Gas  carbon-arc 

Carbon-arc 

Twin-carbon  arc 

Arc -spot 

Arc-seam 

Shielded  metal -arc 
Atomic  hydrogen 

Gas  metal -arc 

Gas  tungsten-arc 
Submerged  arc 
Gas-shielded  stud 

Stud 

Bare  metal -arc 

WELDING  PROCESSES:  A  chart  of  the  various  welding  procedures  as  compiled 
by  the  American  Welding  Society. 


10.5-5 


VOLUME  III  -  CHAPTER  10 

Section  5  -  Manufacturing  Processes  and  Procedures 


BRAZING  A! ID  SOLDERING 


Brazing  processes  are  often  used  in  structural  applications  where  Joint  stress  is 
modest.  Soldering  +s  primarily  a  contacting  procedure  across  a  structural  Joint. 


Brazing  and  soldering  are  fusion  Joining  techniques  that  differ  by  the 
process  temperature.  When  the  fusing  temperatures  are  below  the  melting 
point  of  the  base  metal  but  are  above  800°F,  the  process  is  known  as  brazing. 
The  filler  material  used  in  brazing  is  usually  an  alloy  of  metals  dissimilar 
to  the  base  metal.  When  the  process  temperatures  are  below  800°F,  the  opera¬ 
tion  is  called  Boft  soldering  and  the  filler  materials  are  generally  alloys 
of  lead,  tin,  indium,  zi-c  or  bismuth. 

Brazing  is  used  where  moderate  strength  is  needed,  but  welding  i6  impractical 
because  of  Joint  configuration,  heat  treatment  constraints,  or  metallurgical 
incompatibility.  In  the  brazing  process,  the  filler  material  flows  into 
the  Joint  by  capillary  action  and  wets  the  surface  by  metallic  interaction. 
■niu6,  proper  clearances  between  mating  surfaces  are  indicated;  thi6  will 
develop  optimum  strength  in  the  Joint  since  the  bulk  properties  of  the 
filler  material  is  usually  inferior  to  the  mating  materials. 

Brazing  is  suited  to  mass  production  techniques  using  continuous  furnaces. 

The  process  has  many  other  advantages  for  structural  assembly,  including: 

•  Joining  of  dissimilar  metals  is  practical. 

•  Little  post-joining  finishing  1b  required. 

•  Assemblies  may  be  Joined  in  a  reduced  stress  condition. 

•  Complex  assemblies  may  be  Joined  by  using  filler  materials  with 
progressive  lower  melting  temperatures. 

Most  of  the  common  structural  alloys  may  be  Joined  by  brazing.  It  is  the 
task  of  the  metallurgist  to  cv^"«e  the  proper  filler  material,  flux  material, 
and  brazing  process.  Good  operational  technique  Includes  Joint  cleaning 
and  preparation,  and  post  brazing  cleanup  and  inspection.  The  designer  is 
most  interested  in  the  mechanics  of  the  Joint  itself.  The  two  most  important 
Joints  for  brazing  are  the  butt  and  lap  Joints.  Of  these  procedures,  the 
lap  Joint,  which  nlaces  the  filler  material  in  shear,  is  the  most  desirable. 

In  practice,  the  filler  material  is  either  pre-placed  in  the  Joint,  or  is 
allowed  to  flow  into  the  Joint  by  wetting  capillation,  aided  by  gravity. 

The  brazing  process  is  occasionally  done  in  an  inert  or  reducing  atmosphere 
to  minimize  oxidation  of  the  metal  surfaces.  There  are  many  techniques 
for  accomplishing  the  brazed  Joint.  Almost  any  source  of  heat  that  is 
neutral  or  reducing  will  be  excellent.  Fluxes  can  overcome  the  effects  of 
an  oxidizing  environment.  Post  braze  heat  treatment  may  be  accommodated: 

(a)  when  the  filler  material  possesses  a  melting  temperature  in  excess  of 
the  required  soaking  temperature  for  heat  treat;  (b)  when  quenching  require¬ 
ments  don't  overstress  the  Joints,  and  (c)  when  some  deformation  is  tolerable. 

Soldering  processes  have  less  importance  as  a  Joining  technique  for  support 
structure,  but  have  the  advar  tage  of  lower  heat  and  consequently  less  distor¬ 
tion.  The  soldering  process  should  not  be  expected  to  supply  any  structural 
integrity  to  a  Joint.  The  designer  should  rely  on  some  other  positive  tech¬ 
nique  and  use  the  soldered  material  for  contacting  purposes  only.  Examples 
are  interlocked  Joints,  wire-'-rap,  riveting,  and  edge  reinforcement. 
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BRAZE!  JOINTS:  The  Joint  should  be  designed  to  utilize  to  full  advantage 
tne  available  contact  area. 
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Section  5  -  Manufacturing  Processes  and  Procedures 

STRUCTURAL  JOINING  BY  ADHESIVE  BONDING 


Adhesive  bonding  Is  an  important  method  for  Joining  odd  shaped  or  dissimilar  materials. 
Modest  strength  is  possible  when  severe  environments  can  be  avoided. 


Adhesive  bonding  of  structural  members  is  becoming  increasingly  important 
in  the  designer's  repertoire  of  Joining  processes.  While  this  process  has 
some  limiting  characteristics  for  the  designer,  the  advantages  of  tie  pro¬ 
cedure  are  attractive,  particularly  for  vibration  situations. 

Adhesion  is  due  to  the  molecular  attraction  between  the  adhesive  material 
and  the  bonding  surfaces.  In  certain  very  porous  materials,  seme  mechanical 
bonding  or  interlocking  is  also  helpful  in  maintaining  Joint  strength. 
Generally,  adhesive  processes  may  be  divided  into  two  groups:  structural  and 
non-structural.  Structural  bonding  is  used  in  the  same  manner  as  fusion 
welding,  brazing,  or  mechanical  fastening.  In  certain  optimum  applications, 
adhesive  bonds  will  not  fail  until  yield  strength  of  the  substrate  material 
is  reached.  The  yielding  of  the  metal  will  then  cause  the  rigid  adhesive 
to  be  weakened,  cracked  and  lead  to  subsequent  failure. 

Non-structural  adhesive  bonding  is  of  great  importance  to  equipment  packag¬ 
ing.  lhe  process  is  useful  in  sealing,  filling,  densifying  and  providing 
a  damping  barrier  to  resonant  effects . 

Structural  adhesives  are  generally  thermosetting  materials  and,  hence,  the 
liquid-solid  transformation  is  not  reversible.  All  adhesives  are  subject 
to  some  deterioration  from  heat  and  other  environments  because  all  polymers 
tend  to  over-polymerize .  The  designer  must  evaluate  each  material  on  this 
basis . 

There  are  substantial  advantages  to  the  designer  in  the  use  of  structural 
adhesives.  There  is  no  great  difficulty  in  bonding  of  dissimilar  materials, 
^terials  can  be  attached  to  very  thin  members,  too  thin  to  be  fabricated 
by  any  other  type  of  Joining  process.  Adhesive  bonding  usually  requires 
little  heat  to  accomplish  the  Joint.  The  load  distribution  across  the  Joint 
is  favorable,  with  no  interruptions  and  magnifications  due  to  holes  and 
abrupt  changes  in  section.  Little  poet  bonding,  finishing  or  cleanup  is 
required,  and  few  specialized  personnel  are  needed.  The  adhesive  layer 
provides  a  good  insulation  barrier,  and  may  exhibit  superior  fatigue 
strength. 

Same  of  the  more  important  limitations  to  the  bonding  process  include  the 
instability  of  the  adhesives  in  extreme  environments.  The  material  tends 
to  deteriorate  with  time,  heat  and  exposure.  The  finished  Joints  are  diffi¬ 
cult  to  inspect  and  test  nonaestructively .  Strong,  reliable  Joints  require 
good  surface  preparation;  a  substantial  loss  of  expected  strength  can  occur 
with  poorly  cleaned  interfaces.  Bonded  Joints  are  susceptible  to  transient 
or  unsuspected  loads  such  a6  peeling. 

Generally,  the  strongest  Joints  are  made  with  the  thinnest  adhesive  film, 
although  many  adhesives  seen  to  be  relatively  insensitive  to  moderate 
variations  in  film  thickness.  Ttoe  designer  should  strive  to  use  as  much 
adhesive  surface  a6  possible  in  shear.  Some  methods  for  improving  common 
Joints  are  shown  in  the  adjacent  figures. 
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FORMING  BY  CASTING 


Most  engineering  materials  may  be  molded  by  one  or  more  of  the  casting  procedures. 

The  amount  of  poet-solidification  machining,  and  the  strength  of  the  as-cost  material 
are  limiting  considerations. _ 


A  casting  may  be  simply  described  as  the  product  of  pouring  a  molten  material 
into  a  prepared  cavity  and  allowing  it  to  solidify.  The  process  of  casting 
dates  to  antiquity,  and  probably  antidates  forging  as  a  method  of  material 
forming .  Virtually  any  material  may  be  cast  by  one  or  another  process, 
and  almost  any  shape  and  complexity  of  structure  may  be  reproduced  by  some 
casting  process. 

The  casting  process  consists  of  first  preparing  a  cavity  for  the  molten 
material.  The  cavity  may  be  constructured  of  sand,  metal,  plaster,  wax, 
or  any  material  which  will  retain  its  shape  while  the  cast  material  solid - 
ifies,  and  still  allow  a  certain  degree  of  permeation  or  gas  escape,  while 
solidification  proceeds.  The  cavity  must  be  formed  by  copying  a  pattern, 
removal  of  the  pattern,  and  pouring  of  the  molten  material.  After 
solidification,  the  casting  must  be  cleaned  and  may  require  machining  into 
the  desired  final  dimensions.  The  amount  anddetail  of  these  operations  con¬ 
stitute  the  limiting  cost  factors  in  the  use  of  castings. 

Since  moBt  casting  procedures  involve  the  removal  of  a  pattern  from  the 
mold  or  casting  from  a  permanent  mold,  draft  angle  and  parting  line  are 
then  legitimate  design  prerogatives.  However,  all  draft  angles  may  be  elimi¬ 
nated  by  sane  method  if  it  is  economical.  The  particular  casting  process 
employed  for  a  given  situation  will  depend  upon  many  factors,  including  cost, 
production  quantity,  the  cast  alloy  itself,  the  complexity  of  the  casting, 
the  desired  dimensional  accuracy,  the  degree  of  subsequent  machining  and  heat 
treatment,  Just  to  name  the  most  obviouB. 

Casting  processes  currently  in  use  for  the  structural  materials  of  interest 
to  packaging  engineers,  are  many  and  varied.  The  most  common  Includes  sand 
casting  (both  green  sand  and  dry  sand),  shell  molding,  centrifical  casting, 
permanent  mold,  die  casting,  plaster  molding,  and  investment  casting.  There 
are  same  hybrid  processes  whose  characteristics  are  close  to  casting,  such 
as  sintering  and  powder  metallurgical  techniques.  Casting  processes  are 
generally  classified  by  either  the  type  of  mold  or  th»*  pressure  used  to  fill 
the  mold . 

Sand  casting  is  the  process  of  molding  sand  (with  a  binder)  around  a  pattern, 
removing  the  pattern,  and  filling  the  cavity  with  molten  material.  Shell 
molding  is  a  similar  process  except  that  the  sand  is  coated  with  a  thermo¬ 
setting  resin,  hardened  around  the  pattern,  stripped  away  from  the  pattern, 
supported,  and  poured.  Permanent  mold  castings  are  poured  in  a  metallic 
mold  whose  cavity  has  been  machined  into  the  mold.  Plaster  molded  castings 
are  those  in  which  the  mold  has  been  constructed  of  a  hardened  plaster  mate¬ 
rial.  In  all  cf  the  preceding  cases  the  casting  material  is  usually  gravity- 
fed  into  the  meld. 

Investment  casting  is  the  process  whereby  the  pattern  is  entrapped  within 
the  mold  after  setting,  and  is  subsequently  melted  out.  After  pouring,  the 
mold  is  usually  broken  away  from  the  easting. 
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Centrifugaj.  casting  relies  upon  the  forces  induced  by  spinning  the  mold  to 
hold  the  molten  material  in  place  while  the  material  soldifies.  The  liquid 
is  thrown  out  against  the  wall  of  the  cavity  during  the  hardening  process. 

Die  casting  procedures  are  typically  those  where  the  molten  material  is 
injected  into  a  closed  steel  mold  mder  pressure.  When  the  material  has 
solidified,  the  die  mold  is  opened  and  the  casting  ejected. 

Powder  metallurgy,  which  is  the  compaction  of  alloy  powders  into  a  die 

and  simultaneous  or  subsequent  heating  until  bonded,  is  not  a  usual  packaging 

procedure,  and  hence  is  only  noted  here. 


METALS  USED  IN  CASTING  PROCESSES  (2) 
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M  =  Materials  mo6t  frequently  used. 

0  =  Other  materials  currently  being  used. 

X  =  Not  used,  or  ast  with  great  difficulty. 


CASTING:  Mo6t  of  the  common  engineering  materials  may  be  cast  by  one 
process  or  another.  The  casting  process  should  be  optimized  lor  the  material 
being  used. 
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FORMING  PROCEDURES  INVOLVING  MATERIAL  REMOVAL 


Forming  by  machining  may  be  accomplished  on  virtually  all  of  the  engineering  materials, 
fechined  elements  are  characterized  by  high  dimensional  accuracy,  and  good  surface 

smoothness . _ _ 


Fortni ng  operations  by  material  removal  or  machining  are  probably  the  most 
often  employed  manufacturing  processes  for  those  that  require  a  high  degree 
of  dimensional  accuracy  or  surface  smoothness,  ffaterial  removal  processes 
often  are  used  as  direct  substitutes  for  the  other  forming  procedures  (such 
as  casting  and  material  deformation)  because  cooling  requirements  are  mini¬ 
mized.  The  design  criteria  for  this  selection  include  cost,  ease  of  the 
forming  operation,  and  the  suitability  of  the  procedure  to  produce  a  pro¬ 
duct  that  is  environmentally  insensitive. 

A  convenient  categorization  of  the  machining  processes  may  be  made  on  the 
basis  of  the  operational  procedures  involved,  the  amount  of  material  removed, 
and  its  effect  on  the  finished  surface. 

1.  Milling  and  turning  operations  include  lathe-work,  planning,  shaping, 
sawing,  filing,  hobbing,  shaving,  spotfacing,  and  all  the  milling  and  routing 
procedures.  Chip  removal  and  machinability  of  the  material  are  major  con¬ 
siderations  in  the  application  of  these  processes.  In  general,  a  relatively 
large  amount  of  material  is  removed  by  these  machining  operations,  and  sur¬ 
face  finishes  vary  from  quite  rough  for  coarse  planning  work  to  very  fine 
for  slow-feed  milling  and  turning  operations.  A  major  consideration  in 
production  milling  and  turning  is  the  influence  of  material  properties  on 
tool  life. 

2.  Hole  preparation  involves  a  modest  amount  of  material  removal,  a  vide 
range  of  surface  finishes,  and  is  subject  to  the  same  considerations  of 
machinability,  chip  removal,  and  tool  wear  as  the  milling  operations.  This 
category  includes  drilling,  reaming,  boring,  counterboring,  tapping,  and 
spotfacing  (virtually  a  milling  operation). 

3-  Surfacing  or  sizing  operations  are  characterized  by  generally  small 
amounts  of  material  removal  and  a  relatively  fine  surface  finish .  The 
degree  of  cold  work  accomplished  by  the  surfacing  procedures  are  usually 
beneficial  to  the  member  under  fatigue  service  conditions.  The  surfacing 
category  includes  grinding,  burnishing,  broaching,  honing,  lapping,  sizing, 
ballizing,  buffing  and  polishing. 

4.  Material  removal  by  exotic  or  unusual  processes  is  becoming  increasingly 
Important  in  the  fabrication  of  large  structures.  They  are  characterized 
by  small  cutting  forces,  or  no  contact  by  conventional  cutting  tool,  and  are 
used  extensively  on  brittle  materials,  curved  surfaces,  and  unusually  thin 
or  complex  shapes.  These  operations  include  chemical  milling,  ultransonic 
machining,  electro-discharge  and  electro-chemical  milling,  and  cutting  and 
welding  by  electron  and  laser  beams. 

Most  metals,  alloys  and  structural  materials  can  be  machined  by  some  or  all 
of  the  preceding  operations.  Some  materials  are  machined  with  ease,  and 
others  with  great  difficulty.  The  material  characteristic  which  reflects 
this  facility  is  machinability,  or  the  ease  of  material  removal.  This  term 
implies  that  the  forces  acting  against  the  cutting  tool  will  be  relatively 
low,  that  the  chips  will  come  away  from  the  cutti'x  surface  easily  and  will 
be  broken  up,  and  that  the  desired  surface  finish  11'  result. 
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The  basic  material  properties  desirable  in  machining  are,  in  many  cases, 
the  opposite  of  those  desired  for  normal  serviceability.  For  example: 
softness  allowing  easy  cutability  is  often  desirable,  and  reactivity  where 
the  new  surface  oxidizes  rapidly  minimizes  galling,  cold  welding,  and  tool 
build-up. 


FACTORS  AFFECTING  MACH  INABILITY  OF  METALS 


Factors  That 
Increase  Machinability 


Factors  That 
Decrease  Machinability 


Structure 


Treatment 


Uniform  microstructure 
Small,  undistorted  grains 

Spheroidal  structure  in  high 
carbon  steels 

Lamellar  structure  in  1  cow¬ 
and  medium-carbon  steels 


Hot  working  of  alloys  that  are 
hard,  such  as  medium-  and 
high-carbon  steels 
Cold  working  of  low-carbon 
steels 

Annealing,  normalizing, 
tempering 


Nonuniforaity 

Presence  of  abrasive 
inclusion 

Large,  distorted  grains 

Spheroitiol  low-  and 
medium-carbon  steels 

Lamellar  high -carbon  steelB 

Hot  working  of  low-carbon 
steels 

Cold  working  of  higher- 
carbon  steels 

Quenching 


Composition 


Small  amounts  of  lead -man¬ 
ganese,  sulfur,  phosphorus 
Absence  of  abrasive  inclusions 

such  as  A1„C 

d  c 


Carbon  content  below  0.30JG 
or  above  0.60^ 

High  alloy  content  in 
steels 


MACHINING:  Material  rencva^  or  machining  is  the  most  widely  used  forming 
process  because  of  accuracy  and  control. 
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STRUCTURAL  FORMING  BY  MATERIAL  DEFORMATION 


Forming  operations  by  material  deformation  is  a  ehipless  process  involving  the  plastic 
(permanent)  movement  of  material  to  accomplish  the  desired  eno-shape. _ 


Forming  techniques  which  employ  the  process  of  material  deformation  to 
accomplish  structural  shapes  may  generally  be  characterized  as  chiples6.  As 
one  old  machining  buff  put  it,  "it's  easier  to  move  it  than  remove  it." 

Ofter,  It  is  also  better  frcm  the  standpoint  of  surface  strength,  toughness 
and  hence  fatigue  strength,  to  do  work  on  the  material  in  forming  it,  par¬ 
ticularly  at  lower  temperatures. 

Forming  procedures  are  accomplished  either  hot  or  cold.  Hot  forming  is 
plastic  deformation  which  is  done  geu?rally  above  the  material's  recrystalli¬ 
zation  temperature,  and  usually  in  a  temperature  range  where  the  material 
is  more  plastic.  Cold  work  which  increases  hardness,  strength,  and  resil¬ 
ience,  but  lowers  ductility,  is  a  plastic  deformation  occurring  at  room 
temperature . 

Hot  forming  procedures  are  typified  by  the  forging  and  extruding  operations. 
Forging  is  the  process  of  squeezing,  hammering  or  otherwise  plastically 
deforming  a  material  into  a  desired  shape  with  generally  good  mechanical 
properties.  The  material  may  be  in  the  form  of  a  billet,  ingot,  bar,  or 
powder-metal  shape.  Virtually  all  ductile  materials  may  be  forged.  Forgings 
usually  exhibit  strongly  directional  characteristics,  a  fact  that  may  be  used 
to  advantage  in  certain  situations. 

Extruding  is  the  process  of  forcing  a  hot  material  through  a  die  opening 
to  form  a  shape  having  the  geometry  of  the  die  like  toothpaste  squeezed  out 
of  a  tube.  Tooling  cost6  may  be  high  for  an  extruded  shape,  but  quantity 
run6  are  highly  feasible.  Most  of  the  ductile  structural  materials  can  be 
extruded,  although  the  higher  melting  point  alloys  are  the  most  difficult. 
Extrusion  sizes  (cro6s-sectionally )  are  limited  by  the  extruding  machine 
capacity,  usually  about  6"  in  diameter.  The  length  of  the  extrusion  is 
determined  by  the  volume  of  material  that  may  be  accomodated  ir.  front  of 
the  ram,  and  is  usually  large  with  respect  to  the  net  diameter. 

Drawing,  cold  extruding,  Impact  extruding,  and  cold  forging  are  examples 
of  processes  commonly  applied  to  form  deep-drawn,  container  type  geometries. 
The  work  is  accomplished  cold,  such  that  the  material  mechanical  properties 
are  Improved.  Resultant  surface  finishes  and  dimensional  tolerances  are 
generally  good,  and  shapes  may  be  produced  without  draft  relief. 

Cold  heading  is  the  process  of  upsetting  a  shape  on  a  material  blank,  usually 
larger  in  diameter  than  the  shaft  (like  a  head  on  a  nail).  Most  of  the 
strucivral  materials  that  can  be  cold-worked  without  tearing  may  be  cold¬ 
headed  . 

Stamping  is  a  forming  operation  that  is  usually  limited  to  sheet  or  coin  type 
material  shapes.  This  process  includes  the  operations  of  shearing,  punching, 
piercing,  coining,  many  forming  procedures,  drawing,  ironing  and  striking. 
Most  structural  materials  may  be  stamped,  if  tney  have  sufficient  ductility 
and  may  be  plastically  formed  without  tearing. 
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Metal  spinning,  deep  drawing,  and  roil  forming  are  example  of  forming 

procedures  that  are  capable  of  producing  relatively  thin  walied  strt  tores, 
that  exhibit  good  surface  fatigue  strength.  Most  of  the  ductile  materials 
may  be  formed  by  these  processes,  and  many  complex  or  multi -operation  form¬ 
ing  steps  are  possible. 

Some  of  the  newer  innovations  in  the  forming  field  nclude:  high  energy 
forming  (HERF)  procedures  which  supply  the  deforming  energy  by  controlled 
explosion  or  similar  source;  magnetic  forming  where  high  energy  magnetic 
impulses  act  as  the  deforming  force;  and  cold  rolling  operations  used  to 
finish  threads,  gears,  and  other  highly  stressed  parts  subjected  to 
repeated  loading. 


RELATIVE  FORGEABILITY  INDEX 

OF  METALS 

Material 

Index 

Low-Carbon  Steel 

l.C 

Brass 

Medium-Sartor.  Steel 

1.1 

Copper 

Ductile  Titanium  Alloys 

Lower  Alloys  of  Cr-Ni-Mo 

High-Carton  Steel 

1 

6o6l  Aluminum 

Higher  Alloys  of  Cr-Ni-Mo 

1.3 

Hy  Tuf 

AMS  6407,  AMS  6427 

40C  Series  Stainless 

2014  Aluminum 

Most  Magnesium  Alloys 

3CC  Series  Stainless 

Tricent 

Vascojet  1000 

1.75 

Thermal!  J 

',1'75,  7C79  Aluminum. 

--w  PH.  17-7  PH 

L.C  1 

AM  35 C,  AM  355 

A-266 

Discaloy 

Stainless  W,  X 

<4 

•  - 

16-25-6 

19-9-DL 

N-155 

3 . 0 

Hastelloy  C 

Molybdenum 

Udimet  5 00 

Inco  70C,  71b 

3.5 

Rene  41 

M-252 

Waspaloy 

Tough  Titanium  Alloys 

Columbium 

Tungsten 

5 .  C 

•Higher  index  numbers  indicate  l°ss 

f  orgeat i 1 1 ty . 

FORGING:  Forging  is  the  most  widely  used  metr.od  of  forming  by  material 
deformation.  Some  materials  are  inherently  more  forgeable  thar.  others. 
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HEAT  TREATMENT:  A  MATERIAL  PROCESS  TO  IMPROVE  MECHANICAL  PROPERTIES 


A  Knowledge  of  the  mechanisms  and  results  of  the  cannon  heat  treatment  processes  Is 
an  Important  design  skill. 


Heat  treatment  of  metal6  and  alloys  Is  employed  to  accomplish  a  variety  of 
objectives .  It  may  be  used  to  increase  mechanical  strength,  relieve  residua 
stresses.  Improve  fabrication  properties,  to  reduce  electrical  resistivity 
or  Increase  permeability  and  magnetic  properties.  Conversely,  the  process 
may  be  employed  to  soften  metals  for  machining  or  increase  electrical 
resistance  where  needed. 

The  most  conmon  use  of  heat  treatment  is  to  improve  the  mechanical  properties 
of  an  alloy.  The  usual  heat  treatment  used  to  strengthen  steels  consists 
of  hardening  and  tempering.  Hardening  is  accomplished  by  first  heating  the 
alloy  to  above  its  critical  temperature  which  causes  a  phase  transformation 
to  austenite.  Subsequent  rapid  cooling  (quenching)  produces  a  hard  brittle 
structure  known  as  martensite  which  has  high  internal  stresses.  By  heating 
at  moderately  elevated  temperatures,  this  structure  is  tempered  (drawn)  to 
a  more  ductile,  tough,  condition  while  retaining  most  of  its  tensile  strength 
and  hardness.  By  varying  the  tempering  temperature,  a  spectrum  of  mechanical 
properties  can  be  obtained.  The  range  of  strengths  obtainable  by  the  quench 
and  temper  process  is  directly  related  to  the  type  and  amount  of  alloying 
elements  present  in  the  material. 

Another  well  known  heat  treatment  process  used  to  improve  mechanical  pro¬ 
perties  in  certain  structural  alloys  is  precipitation  hardening.  This 
process  is  used  on  the  aluminum,  magnesium,  titaneium,  and  nickel  alloys, 
beryllium  copper,  and  some  steels.  The  material  is  first  heated  to  an  ele¬ 
vated  temperature,  where  the  constituents  are  dissolved  into  solid  solution, 
and  quenched  rapidly  to  room  temperature.  This  treatment  leaves  a  micro¬ 
structure  that  is  somewhat  unstable  since  some  of  the  constituents  were 
retarder  from  precipitating  during  the  rapid  quench.  As  the  constituents 
precipitate  with  time,  or  are  artificially  aged  at  moderate  temperature, 
the  alloy  properties  are  improved.  A  degree  of  cold  work  is  often  combined 
with  this  heat  treatment  to  develop  optimum  mechanical  properties  in  the 
alloy.  Some  alloys  harden  by  a  combination  of  martensitic  and  precipitation 
mechanisms . 

Parts  which  have  been  severely  formed,  welded,  brazed,  or  machined  may  con¬ 
tain  internal  stresses  which  can  impair  their  usefulness.  These  stresses 
are  minimized  by  subsequent  heat  treatment,  can  be  reduced  by  stress  reliev¬ 
ing  at  lower  temperatures,  O’-  can  be  mechanically  aligned  by  such  work  pro¬ 
cedures  as  stretching. 

Various  heat  treatments  are  used  with  different  alloys  to  improve  their 
machining  properties.  Solution  heat  treatment  and  annealing  are  used  to 
facilitate  foiling,  both  as  a  pretreatment  and,  if  necessary,  as  an  inter¬ 
mediate  process  between  forming  operations. 

A  knowledge  of  the  various  heat  treatment  mechanisms  is  useful  to  the  de¬ 
signer  in  specifying  a  heat  treatment  to  achieve  a  desired  result.  In 
steels,  a  convenient  method  of  classifying  these  procedures  may  be  made  by 
superimposing  the  time -temperature  plots  of  the  processes  on  a  typical  trans¬ 
formation  diagram,  illustrated  in  the  adjacent  figure.  The  optimum  hardening 
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process  is  one  that  escapes  the  knee  of  the  s -shaped  transformation  diagram, 
resulting  In  a  modified  martensitic  mlcroetructure .  The  slower  cooling 
rate  causes  a  more  orderly  transformation  of  microetmcture,  and  generally 

results  in  a  softer  material.  Higher  hardenability  results  when  the  knee  of 
the  transformation  curve  is  moved  to  the  right,  generally  because  of  the  add¬ 
ition  of  certain  alloying  elements. 


4  A 


Normalize 


Anneal 


1 

Aus temper 
or 

Mantemper 


Tranaf  ormnti 
Start 


0 

Temperature 


Oil 

Quench 


A us tenite 
Range 


fransl ormatior.  Complete 

Anneal 


Ferrite  and 
Carbide  Range 


Vater 

Quench 


Time 


HEAT  TREA30JT:  The  "S"  shaped  time-temperature  transformation  puot  is 
a  helpful  device  for  understanding  the  cooling  products  of  steel  alloys. 
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SURFACE  HARDENING  TECHNIQUES 


A  significant  improvement  in  the  strength,  wear  resistance,  and  environmental  insula- 
tlon  may  be  accomplished  by  Judicious  application  of  surface  hardening  procedures. 


There  are  numerous  effective  surface  hardening  techniques  available  to  the 
structural  designer,  ranging  from  local  quench  hardening  procedures  to 
surface  strain  hardening  by  cold  work.  Actually,  many  of  the  plating  and 
chemical  finishing  processes  discussed  in  the  following  section  provide  a 
measure  of  surface  hardening  effect  along  with  environmental  protection. 
Similarly,  the  surface  hardening  techniques  discussed  here  also  provide  a 
measure  of  environmental  protection  to  complement  the  strengthening  and  wear 
resistance  Improvement  imparted  to  the  material  surface.  This  is  particu¬ 
larly  true  of  the  cold  finishing  procedures. 

A  widely  used  local  hardening  technique  ie  *he  flame  hardening  process, 
which  takes  advantage  of  the  inherent  hardenability  of  the  base  material. 

No  additional  alloying  elements  are  Imparted  into  the  surface,  as  in  other 
processes.  The  local  area  is  flame  heated  and  quenched  to  obtain  a  marten¬ 
sitic  microstructure.  Hardened  depths  up  to  l/U  inch  are  possible  by  the 
technique,  depending  upon  heating  capability  and  material  characteristics. 

This  local  hardening  process  is  mo6t  effective  on  large  structures  or  mem¬ 
bers  where  general  heating  i6  impractical. 

Carburizing  is  the  process  by  which  carbon  is  introduced  into  the  surface 
of  a  ferrous  material  while  the  metal  is  heated  in  the  presence  of  a  car¬ 
bonaceous  material,  either  solid,  liquid,  or  gas.  The  time  of  exposure  at 
this  elevated  temperature  determines  the  depth  to  which  the  penetration 
occurs.  The  carburizing  process  is  usually  followed  by  quench  and  temper  to 
attain  the  desired  strength  level  in  the  case.  Carburizing  grade  steels  are 
usually  low  enough  in  hardenability  that  the  core  material  1s  unaffected  by 
this  process.  Care  must  be  taken  in  the  carburizing  procedures  to  minimize 
grain  growth  due  to  prolonged  soaking  at  relatively  high  temperatures. 

Although  generally  limited  to  shallow  case  hardened  depths,  cases  up  to  .020 
inch  are  possible  by  cyaniding  and  carbonit riding  processes.  The  cases,  which 
contain  both  nitrogen  and  carbon,  are  produced  in  solid  cyanide  salts, 
liquid  baths,  or  gas  atmospheres.  The  exposure  temperatures  are  generally 
lower  than  those  for  the  carburizing  process,  which,  coupled  with  a  shorter 
exposure  time,  results  in  a  thinner  case  with  less  distortion.  The  extreme 
hardness  in  these  thin  cases  is  obtained  by  subsequent  quench  from  elevated 
temperature  followed  by  a  temper  at  lower  temperature. 

Nitriding  is  a  method  of  casehardening  steels  by  treating  the  surfaces  with 
a  nitrogenous  material,  such  as  ammonia.  Nitrides  are  formed  near  the 
surface  of  the  steels,  which  possess  high  inherent  hardness;  no  following 
quench  of  the  material  is  required  to  develop  the  desired  surface  character¬ 
istics  but  a  quench  may  be  desirable  to  develop  maximum  properties  in  the 
core.  Nitriding  temperatures  in  the  range  of  1000°F  are  common  (although 
higher  temperatures  may  be  used)  and  exposures  range  up  to  100  hours.  Nit¬ 
riding  produces  a  white  layer  of  material  that  must  be  removed  before  the 
member  i6  put  in  service.  Fatigue  strength  is  generally  improved  by  nitrid¬ 
ing,  as  is  corrosion  resistance  in  certain  steels.  A  notable  exception  is  the 
stainless  steel  group  of  alloys. 
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Strain  hardening  by  cold  work  1b  an  effective  method  of  improving  local 
hardness  in  susceptible  materials,  particularly  after  the  member  is  formed 
and  no  other  heat  treatment  can  be  tolerated.  Burnishing,  rolling,  buffing, 
honing,  lapping,  and  polishing  are  helpful  in  strengthening  an  area  in  the 
region  of  a  discontinuity,  as  well  as  reducing  the  effect  of  local  surface 
blemishes . 


CARBURIZING:  Tile  introduction  of  carbon  into  the  surface  of  ferrous 
alloys  followed  by  heat  treatment  is  a  common  surface  hardening 
technique.  The  case  depth  depends  upon  exposure  time  and  carburizing 
temperature. 
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PLATING  AND  CHEMICAL  FINISHING 


A  significant  improvement  in  the  environmental  resistance  and  mechanical  properties  of 
the  surfaces  of  engineering  materials  may  be  accomplished  with  proper  plating  and 
chemical  finishing  techniques. _ 


Plating  and  chemical  finishes  on  metals  car.  be  used  to  meet  many  engineering 
design  requirements.  The  most  frequent  applications  of  these  processes  are 
the  improvement  cf: 

•  Corrosion  protection, 
a  Electrical  properties, 

•  Mechanical  properties,  and 

•  Appearance. 

One  of  the  most  common  uses  for  finishes  is  corrosion  protection.  There  are 
two  broad  categories  of  plating  systems  for  corrosion  protection.  The  first 
involves  the  use  of  a  less  noble  (anodic)  metal  which  is  plated  on  a  more 
noble  cathodic  base  metal.  The  plating  will  corrode  preferentially  to  pro¬ 
tect  the  base  metal,  and  where  thin  scratches  or  imperfections  occur  in  the 
plating,  the  base  metal  will  be  protected  until  the  plating  metal  becomes 
depleted  in  these  inmed.ate  areas. 

A  second  type  of  plating  protection  involves  the  use  of  platings  which  are 
more  noble  than  the  base  metal  which  is  to  be  protected.  Since  the  base 
metal  is  less  noble  than  the  plating,  it  will  corrode  if  exposed;  thus,  it 
is  necessary  for  the  plating  to  be  a6  free  of  pinholes  as  possible.  However, 
pitting  of  the  base  metal  will  eventually  occur  in  the  sites  of  scratches 
and  unavoidable  porosity. 

Chemical  finishes  of  either  the  anodic  or  conversion  type  can  also  be  used 
to  provide  corrosion  protection.  They  are  frequently  used  because  they  serve 
as  a  good  base  for  paint  and  because  their  tightness  slows  the  corrosion 
processes.  Chromate  coatings  offer  protection  for  aluminum,  magnesium, 
cadmium  and  zinc.  Stainless  steels  are  generally  passivated  (oxidized). 

Alloy  steels  are  oxide  or  phosphat-  treated. 

Platings  offer  a  conductive  surface  as  well  as  corrosion  protection  and  in 
some  cases  (such  as  silver,  gold,  and  copper  plating)  may  be  more  conductive 
than  the  base  metal6 .  Both  plating  and  anodic  finishes  may  provide  a  hard, 
wear  and  abrasion  resistant  coating. 

Other  platings,  such  as  rhodium  or  chromium,  are  used  as  gall -resistant 
surfaces.  Porous  platings  are  useful  as  minute  oil  pockets.  Other  platings 
may  improve  soldering  characteristics. 

Metal  platings  do  not  remove  scratches  and  surface  defects.  In  fact, 
electroplates  generally  magnify  these  surface  defects.  Thus  consideration 
must  be  given  to  the  removal  of  surface  blemishes  by  burnishing  or  buffing 
before  final  plating. 

Organic  finishes,  like  plating  and  chemical  finishing,  are  used  on  equipment 
structure  to  enhance  appearance  and  corrosion  resistance.  Organic  finishes 
may  be  divided  into  categories  by  type  or  pxirpose.  These  processes  include 
primers,  epoxies,  enamels,  lacquers,  and  special  finishes. 
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Primers  are  used  as  a  pretreatment  coating  to  provide  better  adhesion  of  the 
final  coating,  as  well  as  additional  corrosion  resistance.  They  often  react 
with  the  substrate.  Epoxy  paints  can  provide  a  good  combination  of  wear 
and  abrasion  resistance  combined  with  excellent  corrosion  resistance  as 
they  do  not  require  the  evaporation  of  a  carrier  but  harden  merely  by  reac¬ 
tion.  The  use  of  epoxies,  however,  is  Justified  only  where  their  protective 
qualities  are  essential  due  to  the  high  material  cost. 

Enamels  and  lacquers  are  generally  used  as  decorative  finishes,  although  they 
may  provide  a  good  resistance  to  moderate  environments.  Enamels  and  lacquers 
are  not  as  resistant  to  harsh  environments  and  abrasion  as  the  epoxy  mater¬ 
ials  . 

Some  of  the  special  finishes  of  note  are  decorative  (such  as  black  wrinkle 
and  epoxy  splash),  but  many  are  functional  as  well.  Proper  manipulation  of 
these  finishes  can  provide  a  range  of  conductivity,  reflectivity,  thermal 
control,  and  good  environmental  resistance. 


CATHODIC  (Most  Noble) 

Platinum 

Sold 

Rhodium 

Silver 

300  Series  CRES  (18-8) 

Titanium 

Chromium 

Copper-Nickel  Alloys 

Nickel  and  Alloys 

Silver  Solder 

Copper  and  Alloys 

400  Series  CRES  (12  percent  Cr) 

Tin 

Lead 

Lead -Tin  Solder 
Iron  and  Steel 

Aluminum  Alloys  (Over  2  percent  Copper) 
Cadmium 

Aluminum  Alloys  (Low  or  no  Copper) 

Zinc 

Magnesium  and  Alloys 
ANODIC  (Least  Noble) 


THE  GALVANIC  SERIES:  Base  metals  are  subject  to  galvanic  corrosion  by  an 
exchange  of  ions.  Metals  widely  separated  on  the  galvanic  scale  are  most 
susceptible  and  must  be  protected  from  one  another  by  plating  or  coating. 
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Section  5  -  Manufacturing  Processes  and  Procedures 


POTTING  AND  ENCAPSUIATION 


Electronic  equipment  elements  are  often  encased  In  non-metalllc  materials  to  provide 
electrical  Insulation,  stress  protection,  and  environmental  Isolation. _ 


There  are  many  processes  by  which  magnetic  and  electronic  components  may  be 
encased  in  plastic  or  elastomeric  resins  for  electrical  insulation  and  pro¬ 
tection  from  environmental  conditions  and  mechanical  damage.  The  following 
definitions  will  help  in  distinguishing  among  the  many  similar  processes. 


Embedment: 


Potting: 


Encapsulation: 


A  process  by  which  circuit  components  are 
encased  in  a  dielectric  material.  It  inc 
both  potting  and  encapsulation. 

An  embedment  process  In  which  the  container 
(can)  used  in  embedment  remains  as  part  of  the 
completed  assembly. 

An  embedment  process  in  which  the  resin  is  cast 
in  removable  molds. 


Impregnation:  A  process  by  which  the  assemblies  are  filled  with 

resin,  usually  by  means  of  a  vacuum-pressure 
cycle . 


Casting,  Molding:  Processes  by  which  plastic  parts  are  formed  in  a 

mold  from  a  liquid,  powder,  or  granulated  resin. 

Conformal  Coating:  A  thick  coating  which  generally  follows  the  con¬ 

tours  of  the  assembly,  providing  resistance  to 
mechanical  shock  and  environmental  conditions. 


The  selection  of  embedment  process  is  usually  dependent  on  anticipated 
service  environment.  Temperature,  humidity,  vacuum,  thermal  shock,  and 
corrosive  chemicals  and  solvents  can  all  have  serious  effects  c«  components 
and  encapsulating  resins.  Electrical  requirements  include  dielectric 
strength,  dielectric  constant,  insulation  resistance,  loss  factor,  and 
corona  suppression.  Mechanical  requirements  might  be  impact  resistance, 
flexibility  or  rigidity,  weight,  and  strength.  Shrinkage  of  resins  during 
cure  can  cause  mechanical  stresses  in  components  and  connections.  In  many 
cases,  shrinkage  can  cause  microcracks  requiring  secondary  impregnation  to 
create  an  effective  seal. 

Tooling  is  an  especially  important  consideration  in  the  design  of  encapsu¬ 
lating  assemblies  and  the  selection  of  appropriate  processes.  In  design¬ 
ing  for  potting  or  encapsulation,  at  least  0.050  inch  of  resin  should  cover 
the  components,  connections  and  other  surfaces  near  the  *xterior  of  the 
completed  assembly.  Eutectic  metal  slush  molds  are  use.  when  up  to  75 
pieces  are  to  be  encapsulated.  Vacuum-formed  molds  are  used  for  up  to  125 
pieces.  Silicone  rubber  molds  may  be  used  instead  of  the  vacuum  formed  type, 
but  they  are  short-lived  and  not  as  reliable  dimensionally. 

Resins  used  in  these  processes  include  epoxies,  silicones,  polyamides,  poly- 
sulfides,  polyethylenes  and  polyurethanes.  The  thermal,  mechanical,  and  elec¬ 
trical  properties  can  be  controlled  and  adjusted  by  the  use  <~r  various  fillers. 
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Properties  Required •  Excellent  electrical  resistance  in  low  to  medium 
frequencies.  High  strength  and  impact  properties,  good  fatigue  resistance, 
and  heat  resistance.  Good  dimensional  stability  at  elevated  temperatures. 
Suitable  Plastics:  Allylics,  alkyds,  aminos,  epoxies,  phenollcs,  poly¬ 
carbonates,  polyesters,  and  silicones. 

Other  Suitable  Materials:  Ceramics  and  glass. 

Consider  Plastics  When:  1.  Shock  loadings  are  high.  2.  Mini mum  weight 
is  important.  3.  Dimensional  accuracy  must  be  close.  4.  Complex 
integral  conductor-insulator  part6  are  needed  (printed  circuitry  and 
slip-ring  assemblies). 

Consider  Other  Materials  When:  1.  Extreme  temperatures  are  encountered. 

2.  Compressive  loadings  are  high. 

Property  Summary:  Polycarbonates  for  transparent  parts  requiring  high 
impact  strength.  Cast  epoxies  for  encapsulating  electric  or  electronic 
assemblies  for  maximum,  environmental  resistance.  Molded  epoxies  for  uses 
which  require  dimensional  stability  over  wide  temperature  ranges.  Mela¬ 
mines  for  hardness.  Silicones  for  high  heat  resistance.  Aminos  for  low 
c ost .  Phenolic  laminates  for  punched,  stamped  parts. 


Cost,  Base  Resin 
per  cu  in) 

Impact 
Strength 
(ft-lb/in 
of  notch ) 

i-H 

aj 

0  o 

tjQ  •*-< 

c  a 

«s  £ 

Flexural 

Strength 

(1000 

Hz) 

aJ 

o  o 

&  £ 

Dielectric 
Strength 
(v  per 
mil ) 

C0 

<D  U 

cf  a 

&  £ 

Remarks 

4.5 

3 

10 

375 

Dielectric  properties  little 

Allylics 

to 

to  . . 

to  20 

to  350 

affected  by  moisture;  has  excel¬ 

22 

6 

20 

4  00 

lent  dimensional  stability. 

3 

0.3 

7  10 

300 

Excellent  dimensional  accuracy  and 

Alkyds 

to 

to  2.5 

to  to 

to  350 

uniform,  low  shrinkage  during 

4.5 

12 

17  15 

350 

cure. 

1 

C.3 

10 

320 

Hard  scratch-resistant  surfaces; 

Aminos 

to 

to  7 

to  l4 

to  360 

retains  whiteness. 

3 

12 

23 

430 

2  4 
*■* 

0.4  8 

12  20 

Outstanding  adhesion  to  metallics 

Epoxie6 

to 

to  to 

to  to 

375 

or  nonmetallics,  excellent  chemi¬ 

5 

30  15 

6o  26 

cal  resistance,  low  shrinkage 

rate  in  encapsulation. 

1.5 

0.3 

10 

Available  in  casting  or  molding 

Phenollcs 

to 

to  3.4 

to 

300 

compounds. 

3 

27 

45 

2  12 

11 

400 

Poly¬ 

4.5 

to  to 

to  12 

to  4lC 

Transparent. 

carbonates 

1 6  16 

13 

44  0 

C.  9 

1.5 

6  13 

345 

Available  in  rigid  or  flexible 

Polyesters 

to 

to 

to  to 

to 

forms,  readily  colorable,  trans¬ 

3.2 

24 

25  20 

420 

parent  to  radio  waves  of  radar 

frequency. 

13 

0.3 

n 

350 

Retains  strength  and  electrical 

Silicones 

to 

to  6.5 

to  12 

to  35G  , 

properties  after  prolonged 

25 

1C 

18 

400  | 

exposure  to  heat. 

POTTING  MATERIALS:  The  table  Illustrates  the  physical  properties  of  the 
common  encapsulating  material  for  application  in  electro- structural 
elements.  (3l) 
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GLOSSARY 


Strength  -  The  measure  of  a  material's  ability  to  resist  load  without 
rupture,  collapse,  or  undue  distortion. 

Stress  -  The  application  of  load  to  a  member  caused  by  the  intensity  of 
the  internal  resisting  force. 

Strain  -  A  dimensional  change  produced  by  stress.  Hooke's  law  states 
that  stress  is  proportional  to  strain  (within  the  proportional  limit). 

Proportional  Limit  -  The  stress  above  which  Hooke's  law  ceases  to  apply. 

Modulus  of  Elasticity  —  The  ratio  of  stress  to  accompanying  strain 
provided  the  stress  does  not  exceed  the  elastic  limit. 

Stiffness  -  The  property  measured  by  the  modulus  of  elasticity.  Stiffness 
implies  high  resistance  to  elastic  deformation. 

Elasticity  —  The  property  of  recovering  original  shape  and  dimensions 
upon  removal  of  a  deforming  force. 

Plasticity  —  The  property  of  being  permanently  deformed  without  rupture. 

Ductility  -  Th->  property  of  undergoing  considerable  permanent  deformation 
when  testec  in  tension.  This  property  is  correlated  with  ability  to 
be  drawn  into  wire.  Ductility  is  measured  by  percent  elongation  and 
percent  reduction  of  area  from  the  tensile  test. 

Malleability  -  The  measure  of  a  material's  ability  to  be  hammered  into 
sheets. 

ToughnesB  -  The  property  of  requiring  a  large  amount  of  work  (force  x 
distance)  to  produce  rupture.  Tough  materials  have  high  strength 
combined  with  high  ductility.  Toughness  i6  proportional  to  the  area 
under  the  stress  strain  diagram. 

Brittleness  -  The  property  of  requiring  a  small  amount  of  work  to  produce 
rupture.  Brittle  materials  may  have  high  tensile  strength  but  always 
have  low  ductility. 

Resilience  —  The  ability  to  store  and  release  energy  upon  application  and 
remc<val  of  a  load  by  deformation  within  the  elastic  range. 

Modulus  of  Resilience  -  The  amount  of  energy  absorbed  when  one  cubic  inch 
of  material  is  stressed  to  Its  elastic  limit.  The  modulus  of  resilient 
is  proportional  to  the  area  under  the  elastic  portion  of  the  stress- 
strain  diagram.  Materials  having  a  high  modulus  of  resilience  are 
capable  of  undergoing  high  impact  without  permanent  injury. 

'Jltlmate  strength  or  Tensile  Jtrength  -  The  maximum  stress  exerted  in  the 
tensile  test.  The  stress  is  computed  on  the  basis  of  the  original 
cross  sectional  area  of  the  tensile  specimen  and  is  expressed  in  force 
per  unit  area  transverse  to  a  uniaxial  load. 

Hardness  -  A  complex,  non-.! inear,  non-dimensional  measure  of  the  resistance 
to  permanent  deformation  by  indentation. 
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Elastic  Limit  -  The  greatest  stress  which  a  material  is  capable  of  with¬ 
standing  without  permanent  deformation  upon  release  of  stress. 

Yield  Folnt  -  The  stress  at  which  there  is  a  marked  increase  in  strain 
with  no  farther  increase  in  stress.  At  the  yield  point  the  stress- 
strain  curve  becomes  horizontal  or  drops.  (Generally  applied  to 
ferrous  metals.) 

Yield  Strength  —  The  stress  at  which  a  material  exhibits  a  specified 
permanent  set.  This  stress  is  determined  by  drawing  a  line  parallel 
to  the  elastic  portion  of  the  stress-strain  curve  and  passing  through 
the  point  on  the  strain  axis  marking  the  specified  set,  usually  0.2^ 
elongation.  The  stress  given  by  the  point  of  intersection  of  this 
line  with  the  stress-strain  curve  is  the  yield  strength.  (Generally 
applied  to  non-ferrous  metals.) 

Creep  -  A  continuing  change  in  the  deformation  or  deflection  of  a  stressed 
member.  Creep  of  metals  is  the  growing  deformation  under  continuous 
load.  Ordinary'  plastic  deformation  requires  a  constantly  increased 
stress  if  it  is  to  be  conrinuous.  The  flow  occurring  in  creep  will 
continue  indefinitely  at  constant  stress.  The  rate  at  which  creep 
occurs  depends  on  load  and  temperature.  Creep  can  occur  at  a  given 
temperature  at  loads  less  thar  the  proportional  limit  of  the  netal  aB 
determined  at  the  given  temperature.  The  creep  resistance  of  materials 
is  expressed  in  terms  of  their  "creep  limits". 

Creep  Limit  -  The  maximum  stress  to  which  a  material  may  be  subjected 
without  having  the  inelastic  deformation  exceed  a  specified  amount 
after  a  specified  time  at  a  specified  temperature. 

Fatigue  -  Progressive  fracture  of  a  member  by  means  of  a  crack  which 
spreads  under  repeated  cycles  of  stress.  Resistance  to  fatigue  is 
often  expressed  in  terms  of  "endurance  limit”,  but  this  term  pertains 
to  a  specific  test  generally. 

Endurance  Limit  -  The  maximum  stress  to  which  a  material  may  be  subjected 
many  millions  of  times  without  failure.  Ten  million  cycles  without 
failure  is  generally  regarded  as  indicating  a  stress  below  the  endurance 
limit  for  steel . 

Endurance  Ratio  -  The  ratio  of  endurance  licit  to  ultimate  strength.  For 
most  ferrous  materials  this  value  lies  between  ,L  to  .6. 

Recrystalllzatlon  Temperature  -  The  temperature  at  which  a  work  hardened 
metal  will  be  restored  to  its  soft  condition  as  a  result  of  a 
recrystallization  which  does  not  involve  a  phase  change. 

Cold  Work  —  Plastic  deformation  of  a  metal  at  a  temperature  below  the 
recrystallization  temperature. 

Hot  Working  -  Plastic  deformation  performed  at  a  temperature  above  the 
recrystaluization  temperature. 
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GLOSSARY  (Continued) 


Annealing  —  Originally  a  term  Implying  heating  to  some  elevated  temper¬ 
ature,  holding,  and  slow  cooling  to  put  the  metal  in  a  soft  condition. 
At  present  the  term  has  several  meanings  as  defined  below. 

Annealing  (Following  Cold  Work)  -  The  heating  of  cold  worked  metal  to  a 
temperature  above  Its  recrystallization  temperature,  holding  at  temper¬ 
ature,  and  cooling  as  desired.  The  purpose  of  this  treatment  Is  the 
softening  of  strain  hardened  metal  and  the  restoration  of  ductility 
and  formablllty. 

Process  Annealing  —  Heating  of  cold  worked,  low  carbon  3teel  to  1000*F  - 
1250UF,  holding,  and  cooling  as  desired.  The  purpose  of  this  treat¬ 
ment  is  to  produce  softening  by  recrystallization  of  the  ferrite. 

Full  Annealing  -  Heating  of  steel  to  above  its  critical  range,  holding 
and  slow  cooling. 

Cycle  Annealing  —  Heat  treatment  in  which  steel  is  quenched  from  the 
austenitic  range  in  molten  salt  at  a  temperature  between  lOOO'F,  and 
the  lower  critical,  and  held  at  temperature  to  bring  about  isothermal 
transformation  to  a  microstructure  which  contains  pearlite. 

Normalizing  —  Heating  steel  to  approximately  100°F  above  the  upper 
critical,  holding,  and  cooling  in  still  air.  The  microstructure 
produced  by  this  treatment  in  any  given  steel  is  dependent  on  section 
size. 

Tempering  -  Reheating  a  quenched  steel  to  a  temperature  in  the  range  of 
400*F  to  1300°F,  holding  and  cooling  as  desired. 

Drawing  —  Term  used  synonymously  with  tempering. 

Sphercldlzlng  -  A  heat  treatment  for  steel  in  which  the  steel  is  held 
very  close  to  the  lower  critical  temperature  for  a  time  sufficient  to 
produce  a  microstructure  consisting  of  globular  particles  of  cementite 
in  a  matrix  of  ferrite,  followed  by  cooling  as  desired. 

A us tempering  —  Heet  treatment  in  which  steel  is  quenched  from  the 
austenitic  region  in  a  salt  bath  at  a  temperature  in  the  range  of 
4 00*  ~  lOOO'F,  followed  by  holding  at  constant  temperature  for  a  time 
sufficient  to  transform  the  austenite  to  the  dark-etching  acicular 
structure,  Bainlte. 

Martensite  —  The  microstructure  in  steel  produced  by  cooling  from  the 
austenitic  condition  at  a  rate  exceeding  a  certain  critical  rate. 

When  viewed  under  the  microscrope  martensite  appears  ap  a  mass  of 
needle-like  crystals  in  a  light  etching  background.  Martensite  is  the 
hardest  and  strongest  structure  which  can  be  developed  in  a  given 
steel,  the  actual  hardness  being  dependent  on  the  carbon  content  of 
the  steel. 

Tempered  Martensite  —  The  microstructure  produced  by  heating  martensite  tc 
an  intermediate  temperature  range.  Martensite  is  hard  and  strong,  but 
is  brittle.  Reheating  martensite  (tempering  or  drawing)  lowers  the 
hardness,  strength,  and  elastic  limit  but  raises  the  ductility  and 
toughness . 
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Solution  —  A  state  of  matter  defined  by  the  following  characteristics: 

1)  no  definite  proportion  by  weight 

2 )  homogeneity 

3)  no  settling  or  separation  on  standing. 

Steel  -  An  alloy  of  iron  and  carbon  containing  less  than  1.7$  carbon,  and 
produced  by  casting  from  the  liquid  state  into  an  ingot  which  is 
malleable. 

Martemperlng  —  Heat  treatment  in  which  steel  is  quenched  from  above  the 
critical  range  in  a  salt  bath  at  approximately  k5Qe¥,  and  held  a  tem¬ 
perature  for  a  period  insufficient  to  transform  the  austenite,  but 
sufficient  to  equalize  the  temperature  in  the  steel,  followed  by 
cooling  as  desired  to  room  temperature.  The  microstructure  produced 
by  this  treatment  i3  martensite. 

Hardenability  —  Ihe  property  which  determines  the  depth  to  which  a  steel 
will  transform  to  martensite  when  quenched  from  the  austenitic  con¬ 
dition.  An  inverse  relationship  exists  between  the  hardenability  of  a 
steel  and  its  critical  cooling  rate.  Steels  high  in  hardenability  have 
low  critical  cooling  rates,  and  as  a  result  have  a  deep  penetration  of 
the  effect  of  quenching. 

Inherently  Coarse  Grained  Steel  -  A  steel  in  which  the  austenite  grains 
undergo  an  appreciable  increase  in  size  as  the  temperature  is  raised 
from  the  upper  critical  to  1700°F.  Steel  of  this  type  will  show  an 
A.S.T.M.  grain  size  in  the  range  of  1  to  5  when  subjected  to  the 
McQuaid  Ehn  test. 

Inherently  Fine  Grained  Steel  —  A  steel  in  which  the  austenite  grains  do 
not  coarsen  appreciably  as  the  temperature  is  raised  from  the  upper 
critical  to  1700°F.  Inherently  fine  grained  steels  will  show  an 
A.S.T.M.  grain  size  of  5-8  when  subjected  to  the  McQuaid  Ehn  test. 
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3and  casting 


Shell -mold 
casting 


Plaster-mold 

casting 


Investment 

casting 


Permanent -mold 
casting 


Die  casting 


Centrifugal 
and  centri¬ 
fuge  casting 


Advantages 

Almost  any  metal  can  be  used; 
almost  no  limit  on  size  and 
shape  of  part;  extreme  com¬ 
plexity  possible;  low  tool 
cost;  most  direct  route  from 
pattern  to  mold 

Rapid  production  rate;  high 
dimensional  accuracy; 
smoother  surfaces;  uniform 
grain  structure;  minimized 
finishing  operations 

High  dimensional  accuracy; 
smooth  s  rfaces;  almost  un¬ 
limited  intricacy;  low  por¬ 
osity;  plaster  mold  is 
easily  machined  if  changes 
are  needed 

High  dimensional  accuracy; 
excellent  surface  finish; 
almost  unlimited  intricacy; 
almost  any  metal  can  be  used 

Good  surface  finish  and  grain 
structure;  high  dimensional 
accuracy;  repeated  use  of 
mold6  (up  to  25,000  times); 
rapid  p-oductlon  rate;  low 
scrap  loss;  low  porosity 

Extremely  smooth  surfaces; 
excellent  dimensional  accur¬ 
acy;  rapid  production 

Centrifugal  force  helps  fill 
mold  completely.  Oases  and 
impurities  are  concentrated 
nearest  center  of  rotation. 
Solid  good  outer  surface, 
gates  and  risers  can  be 
kept  to  a  minimum. 


Limitations 

Some  machining  always 
necessary;  castings  have 
rough  surfaces;  close  tol¬ 
erance  difficult  to 
achieve;  long  thin  projec¬ 
tions  not  practical;  some 
alloys  develop  defects 

Some  metals  cannot  be  cast; 
requires  expensive  pat¬ 
terns,  equipment,  and  resin 
binder;  size  of  part 
limited 

Limited  to  nonferrou6 
metals  and  relatively 
small  parts;  mold-making 
time  is  relatively  long 


Size  of  part  limited; 
requires  expensive  patterns 
and  molds;  high  labor 
costs 

High  initial  mold  costs; 
shape  size  and  intricacy 
limited;  high-nelting- 
point  metals  such  as  steel 
unsuitable 

High  initial  die  costs; 
limited  to  nonferrous 
metals;  size  of  part 
limited 

Alloys  of  separable  com¬ 
pounds  may  not  be  evenly 
distributed.  Castings 
must  be  symmetrical. 
Centrifuge  —  generally 
limited  to  small  intricate 
castings. 
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STEEL  ALLOTS 


STIEl  SHEET  AND  PIATE 

iff CIFICATION  INFORMATION 

MIN  TENSILE  PROPERTIES 


'ALLOY 
AND  SPEC- 


ULTIMATE  YIELD  *  ELONG  ! 
PS  PS1  I  IN  2  IN.  I 


APPLICATIONS 


1005-10*0 

OO-S-898 


FS-1045 

QQ-S-635 


1095 

M1L-S-7947 


4150 

MI  L-S- 18729 


18-7-5 
HMS  6-1404 


S*480.000 

*220, 000 


LOW  CARBON  STEEL.  L am 
strength  •nth  fair  to  food 
ductility  for  cold  forming.  Fait 
machlnabtlity  Suitable  for  veld 
inf  or  brazing.  Specify  finiah 
(No.  5  for  CR.  AR  for  HR) 


LOW  CARBON  STEEL.  Available  | 
in  Type  n.  Claae  1,  for  welded 
structures.  Medium  strength  and 
good  weldability. 


MEDIUM  CARBON  STEEL. 
Composition  1 FS- 1045)  must  be 
specified.  Furnished  in  as  rolled 
condition  and  finish.  Moderate 
strength.  Good  machmability. 
Weldable. 


All 

up  to  0.  062 
0.  083-0.  12S 
0.  126-0.  187 
AU 

0.  188-0.  249 
0.  250-0.  749 
0  750-1.500 


CHROME -MOLYBDENUM  ALLOY 
STEEL.  Used  where  heat 
treatment  is  desired  to  get  hwh 
strength  and  toughness  in  moder¬ 
ately  thick  sections.  Good 
math  inability.  Can  be  welded  with 
special  precautions. 


MARAGING  STEEL.  Nickel- 
cobalt -molybdenum  steel.  Simple 
heal  treatment  with  minimum 
distortion.  Weldable  Good 
formability  and  mar  hi  natality. 
Specify  Class  1  (Vacuum  Arc 
i  Remelt)  or  Class  2  (Air  Arc). 


Alloy  callout  is  commercial  designation,  not  specification  callout. 

2  Data  for  sheet  applies  equally  to  strip 
2  Maximum 

4 Figure  given  is  obtained  by  conversion  utf  equivalent  hardness  value  required  by  specification. 
*  Specification  callout  must  include  Type  as  indicated. 


TYPICAL  CALLOUT 


049  SHUT  1095  STffi  Mll-S-7947  COMO  A 
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STIIl  BAR  SHAKS  ANO  FORGINGS 


SPFCIFICATION  INFORMATION 


DRAWING  CALLOUT 

MIN  TENSILE  PROPERTIES 

COMP  AND 

FORM 

ULTIMATE 

YIELD 

i  ELONG 

APPLICATIONS 

SPEC 

COND 

PS1 

PS1 

IN  1  IN 

ciooi-ciojo 

OQ-S-633 

cr 

Bar 

LOW  CARBON  STEEL.  \jom  strength 
steel  with  good  ductility  (or  cold  forming. 
Fair  machinability.  Suitable  for  welding 
or  b raxing.  Composition  must  be 
specified. 

Cl  04  5 

w-s-ejs 

TGP 

Bar 

... 

MEDIUM  CARBON  STEEL  Moderate 
strength  and  ductility  Good  machinability 
May  be  welded  with  special  procedures 
Responds  to  conventional  heat  treatment. 

\ 

cur 

cr 

Bar 

... 

.. 

FREE -MACHINING  STEEL.  Best 

OQ-S-6J3 

machinability.  Not  usually  welded. 

Moderate  strength  Poor  cold -forming 
character.stics.  Mat  be  brazed 

successfully  by  copper  furnace  braxing. 

Heat  treatable. 

Stupes 

60.000 

33.000 

24 

LOW  CARBON  STEEL.  Standard  alloy 

ASTM  A-7 

or 

Bar 

(or  structural  angles,  channels,  tees, 
etc  Readily  welded  by  all  standard 

methods.  Fair  machinability. 

1  MIL-S-6709 

n 

Bar 

... 

... 

— 

NITRIDING  STEEL  MTRALLOY  135.. 

or 

Mode i ate  strength  steel  for  use  where 

Forging 

surface  or  case  hardening  by  mtriduig 

is  desired.  Weldable  *7  atomic, 
hydrogen  and  flash  welding  methods. 

MIL-S-7493 

B1 

Bar 

.. 

CARBURIZING  STEEL  A4620). 

Comp  A 4620 

B4 

Bar 

... 

Moderate  strength  steel  for  use  where 
surface  or  case  hardening  by  carburizing 
is  desired  Weldable  Good  m sc h ina¬ 
bility .  Good  impact  pr^oerties. 

Composition  A4620)  rr. ...  be  specified. 

4130 

D1 

Bar 

... 

— 

.. 

CHROME -MOLYBDENUM  ALLOY  STEEL 

i  MIL-S-6758 

D4 

Bar 

... 

... 

-- 

4130  Heat  treatable  by  conventional 

F4 

Bar 

125.000 

100.000 

17 

methods  up  to  180.  000  pet.  Weldable  by 

fusion  methods  with  special  precautions. 
Tough  Good  machinability. 

4340 

Cl 

Bar 

J?125,000 

1 '* 125, 000 

... 

CHROME -NICKEL-MOLYBDENUM 

M1L-S-5000 

C4 

Bar 

ALLOY  STEEL  4340;.  Heat  treatable  by 
conventional  methods  to  200,  000  psi  and 
suitable  for  thacser  sections  than  4130. 

Welding  possible  but  difficult.  Fair 

machinability .  Good  ductility  and 

excellent  toughness 

16-7-5 

A 

All 

Sl!l5».  000 

MARAGINGSTFEL.  Nickel-cobalt- 

HMS  6-1404 

A 

All 

n  2 166.  000 

... 

mclvtxlenum  »tee.  Simple  hea:  treatment 

H 

All 

I  240.000 

230.000 

6 

with  minimum  distortions.  Weldable 

H 

All 

n  280.000 

270.000 

5 

Good  formabtlity  and  machinability 

Specify  Class  1  (Vacuum  Arc  Remelt) 

or  Class  2  !Air  Arc) 

D6AC 

H 

All 

225.000 

200.000 

10 

ALLOY  STEEL  Intended  for  use  m 

HMS  6-1464 

_ 

rock«t  motor  rases  Good  machinabillty 
and  w*ldabiiit> 

^Maximum. 

*Valu*  rvprewnl*  conversion  from  hxrcfeieM  required  by  specification. 

^Ipeclficalion  callout  must  include  Type  as  indicated. 

TYFKAl  CAUOUT 

[~AAA.  AiiOT  STHl  4340  SUL- 1- >000  CONO  C  , 
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STAINLESS  STEEL  ALLOYS 


STAINLESS  SHEET  ANO  PLATE 


SPECIFICATION  INFORMATION 


MIN  TENSILE  PROPERTIES 

% ELONG 
IN  2  IN. 


DRAWING  CALLOUT 
CLASS  CQKD 

AND  SPEC  CWD 


YIELD 

PS! 


APPLICATIONS 


AUSTENITIC  STAINLESS  STEEL. 

Develops  high  strength  through  cold  work* 
ing.  Not  generally  fusion  welded  or  brazed 
due  to  carbide  precipitation  and  reduction 
in  strength  May  be  reaistance  welded 
Excellent  ductility  decreaeea  aa  work  hard¬ 
ening  increasea  Slightly  magnetic  Good 
corroaion  resistance  Good  toughnesa  and 
low  temperature  properties  Do  not  use 
above  700*  F 


AUSrENITIC  STAINLESS  STEEL.  Used 
in  the  annealed  condition  Properties 
similar  to  301  May  be  fusion  welded 
without  loss  of  corrosion  resistance  if 
followed  by  annealing  Excellent  form- 
ability  Fair  machinability  Very  good 
corrosion  resistance 


AUSTENITIC  STAINLESS  STEEL-  Similar 
to  302  but  with  somewhat  better  corrosion 
resistance  and  available  also  in  plate  316 
similar  w  ith  excellent  corroaion  resistance 
and  has  better  properties  than  304  at 
eU-vated  temperatures 


AUSTENITIC  STAINLESS  STEEL.  Same 
as  basic  classes  ’304.  316)  except  reduced 
carbon  to  allow  fusion  welding  and  high 
service  temperatures  without  carbide 
precipitation 


AUSTENITIC  STAINLESS  STEEL 
Stabilized  to  allow  fusion  welding  and  high 
service  temperatures  Higher  strength 
at  elevated  temperatures  than  304L.  Very 
good  corrosion  resistance  Fair  macbina- 
btlity  Excellent  formabiiity 


MARTENSITIC  STAINLESS  STEEL 
Capable  of  heat  treatment  to  high  strength 
levels  (200.000  pat)  after  forming, 
welding,  etc.  Moderate  corrosion  resist¬ 
ance.  Magnetic  Fair  machinability.  Can 
be  welded. 


PRECIPTTA TION  HARDENING  STAINLESS 
STEEL  (17-7PH).  Capable  of  heat  treat¬ 
ment  to  high  strength  levels  1 160. 000  pal) 
by  precipitation  hardening  Easily  formed 
in  A  condition.  May  be  welded  in  any  coodl 
tion  with  suitable  precautions  and  accom¬ 
panied  by  some  strength  loss  tf  tn  Lest 
treated  condition. 


PRECIPITATION  HARDENING  STAINLESS 
STEEL  AM  350  .  Capable  ol  heat  treat¬ 
ment  to  high  strength  levels  '185.  000  p»t> 
by  precipitation  hardening  Easily  formed 
in  H  condition.  May  be  welded  or  brazed 
in  H  condition  and  then  heat  ’reated  with 
•0  percent  joint  efficiency  May  be  resist¬ 


ance  welded  in  ar>  condition. 


PRECIPITATION  HARDENING  STAINLESS 
STEEL  A-20€  Precipitation  hardenable 
to  high  strength  145.000  pail.  Good  form  • 
ability  fair  machinability.  Son-magnetic 
in  all  conditions  Maintains  good  mechan¬ 
ical  properties  to  1300  F  Good  impact 
strength  Poor  weldability. 
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STAINLESS  BAR.  SHAPES  AND  FORGINGS 


SPECIFICATION  INFORMATION 


DRAWING  CALLOUT 

MIN  TENSILE  PROPERTIES 

— 

. 

SIZE 

‘class 

2cond 

ULTIMA  Tl 

YIELD 

ELONG 

RANGE 

APPLICATIONS 

AND  SPEC 

PS1 

PS1 

IN  2  IN 

INCHES 

303  Se 
QQ-S-763 

AlCFI 

75,000 

30,000 

35 

All 

FRE  i  -CUTTING  AUSTENITIC  STAINLESS 

B'CFl 

125.000 

100.000 

12 

Lp  to  3  4 

STEEL  Alloved  w  ith  selenium  (or  ex- 

115.000 

80.000 

15 

Over  3  4 

<ellent  nu.  hinabilitv  Not  usuallv  welded 

to  l 

Corrosion  resistant  but  less  than  type  3C4 

105,000 

65.000 

20 

Over  1  to 

Non -magnetic  m  the  annealed  condition. 

100,000 

50,000 

28 

_ 

Over  1-14 
to  1-1  2 

J304 

AICF 

90.000 

45,000 

35 

Up  to  1  2 

AUSTENITIC  STAINLESS  STEEL  Verv 

QQ-S-763 

75.000 

30.000 

40 

Over  1  2 

good  lorrosion  resistance  Must  be 

A  HF  1 

75.000 

30.000 

40 

All 

annealed  after  fusion  wekling  Good  lnrtn - 
ability  Fair  marhinability  Non- magnetic 
in  annealed  condition. 

321  and  347 

AlCFI 

90.000 

45.000 

35 

L'p  to  1  2 

AUSTENITIC  STAINLESS  STEEL.  SlabilirM 

QQ-S-763 

75.000 

30.000 

40 

Over  1  2 

to  allow  welding  Without  need  lor  subsequent 

75.000 

30.000 

A'  HF  1 

40 

Over  1-3  4 

Fair  machinahility.  Non- magnetic  when 
annealed 

17-4  PH 

Sol.  Tr. 

4190.000 

4  170,000 

410 

All 

PRECIPITATION  HARDENING  STAINLESS 

AMS  5643 

STEEL.  Prec ipitation-hardenable  »o 

high  strength  levels.  Excellent  weld¬ 
ability  Very  good  mac h inability.  No  heat 
treat  distortion 

AM  350 

Equal. 

4165. 000 

4135.000 

410 

All 

PRECIPITATION  HARDENING  STAINLESS 

AMS  5745 

. 

STEEL.  Prectpitation-hardenable  to 

high  strength  martensitic  structure  Good 
ductilitv  for  forming  Good  welding  char¬ 
acteristics.  Easily  •>  uefl  Machines 
best  in  overtempered  condition 

a  16 

AiCF) 

70.000 

40.000 

16 

All 

MARTENSITIC  STAINLESS  STEEL  Mav 

QO-S-763 

120.000 

90.000 

12 

All 

be  hardened  by  conventional  heat  treat¬ 
ment  to  high  strength  levels  Excellent 

machtnability  Good  lormability  Not 
usually  welded  Magnetic  Fair  corrosion 

resistance. 

440C 

A 

... 

_ 

All 

MARTENS1 IIC  STAINLESS  STEEL.  Heal 

QQ-S-763 

treatable  to  highest  strength  levels  of  any 
standard  stainless  steel  280.000  p» t ). 

Superior  wear  resistance  i rood  corrosion 
resistance.  Poor  machtnability- 

cAMS  5734 

Annl. 

• _ 

... 

All 

PRECIPITATION  HARDENING  STAINLESS 

AMS  5737 

Ht  Tr. 

140.000 

95.000 

12 

All 

STEEL  A -286  Hardenable  to  high 

AMS  5736 

Sol  Tr. 

€ — 

... 

All 

strength  Oood  (ormability.  (air  machin- 

i  AMS  5735 

Ht  Tr. 

130.000 

65,000 

15 

All 

ability.  Non -magnetic  in  all  conditions. 

L_ _ 

. .  -J 

Mamtams  good  mechanical  properties  to 

1300* F  Good  impact  strength  and  fatigue 
resistance.  Weldable  ui  thin  sections. 

Class  must  be  specified  on  drawing  where  applicable. 

!Cf  cold  lisiuod.  HF  Out  finished. 

*Also  availa bie  so  shapes. 

1  After  precipitation  he  At  treatment. 

'Melted  lro»i  consumable  electrode. 

'Required  to  be  heat  treatable  to  values  given  lor  heat  treated  stock. 

TYPICAL  CALLOUT 

•At  416  CtfS  OO  S  763  CL  416  COMO  A  (COLO  FIMSMCD) 
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AUKEMIM  ALLOYS 


SKCIFKATION  INFORMATION 


BAR.  ROD.  WKE  AND  SHAHS 


[  DRAWING  CALUHT 

MIN  TENSILE  PROPERTIES 

SIZE 

ALLOY  AND 
SPEC 

5imp 

ULTIMATE 

PS1 

YIELD 

PS! 

FLONG 
IN  2  IN. 

RANGE 

INCHES 

APPLICATIONS 

2014 

0 

‘11:888 

.. 

12 

-8.000 

High  strength  structural  use.  Fair  cor- 

QQ-A-225  4 

T4 

32.000 

16 

-6.750 

rosion  resirtar.ee  Fair  weldability 

T6 

65  000 

55.000 

8 

-6.750 

and  formability. 

0 

'35.000 

.. 

16 

-8.000 

High  strength.  Good  machinability. 

QQ-A-225  5 

T4 

55.000 

32.000 

12 

-8  000 

Fair  corrosion  resistance  and  forma- 

T451 

55.000 

32.000 

12 

0.500-8.000 

btllty.  Poor  weldability  and  brareabitity . 

2024 

QQ-A-225  e 

0 

*35.000 

.. 

16 

-8  000 

High  strength  Fair  corrosion  resistance 

T  4 

82.000 

40.000 

10 

-6.500 

and  formability.  Not  weldable  by  fusion 

T331 

62.000 

40.000 

10 

0.500-6.500 

methods. 

3003 

Moderate  strength.  Good  formability 

QQ-A-225  2 

F 

-- 

0.375- 

and  weldability.  Very  good  corrosion 
resistance. 

5052 

QQ-A-225  7 

*32.000 

Moderate  strength  High  fatigue  strength. 

F 

0.375- 

Good  formability.  weldabilitv  and  cor¬ 
rosion  resistance. 

6061 

QQ-A-225  8 

0 

*22.000 

.. 

18 

-8.000 

Gtind  strength,  formability,  weldability 

T6 

42,000 

35,000 

10 

-8  00u 

and  corrosion  resistance.  Brazeable. 

Heat  treatable 

0 

*40.000 

__ 

10 

-8.000 

Poor  formability  and  weldability.  High 

QQ-A-225  9 

T6 

77.000 

66  000 

7 

-4  000 

strength.  Fair  corrosion  resistance 

T651 

77.000 

66.000 

7 

0.500-4  000 

Not  brazeable. 

Minimum 

^Wlurf  a  choice  emits  (1.  c.  T4  versus  T45U  the  simple  dpsutnalton  IT41  covers  only  sues  under  0.  500  tnrh. 


typical  cauout 

IRAR.  AL  ALLOY  MM.IA.  OQ-AM3/A  TUP  T4  | 


EXTRUSIONS 


SPKMKATON  M FORMATION 


DRAWING  CALLOUT 

MIN  TENSILE  PROPERTILS 

APPLICATIONS 

ALLOY  AND 
SPEC 

2temp 

ULTIMATE 

PSI 

YIELD 

PSI 

1  ELONG 
IN  2  IN 

2014 

QQ-A -200  2 

0 

T4.  T4510 

T6.  T6510 

*30  000 

50  000 

60  000 

*10.000 
35  000 
53  000 

12 

12 

7 

High  strength  structural  use  Fair 
corrosion  resistance.  Fair  weldability 
and  lormabiUty. 

2024 

QQ-A- 200  3 

0 

T4.  T3510 

*35  000 

57  000 

*19.000 
42  000 

12 

8-12 

High  strength  Fair  corrosion  resist¬ 
ance  and  formability  Not  weldable  by 
fusion  methods. 

3003 

QQ-A -200  1 

0 

r 

*1»  000 

-- 

25 

Moderate  strength  Good  formability 
and  weldability.  Very  good  corrosion 
resistance. 

6061 

6062 

QQ-A- 200  8 

0 

T4.  T4510 

T6.  T6510 

*22.000 

26  0C0 

38  000 

*16  000 
16  000 
35  000 

18 

16 

10 

Good  strength,  formability.  weldability 
and  corrosion  resistance  Brazeable 
Heat  treatable 

6063 

QQ-A- 200  9 

T4 

T5 

T6 

*19  000 

16  000 
21.000 

30  000 

9  000 
15  000 
25  000 

18 

14 

8 

8-10 

Good  strength  formability.  weldability 
and  corrosion  resistance  Brazeable 
Heat  treatable. 

7075 

QQ-A- 200  11 

0 

T8.  T6510 

*40  000 

78  000 

*24  000 
68  000 

10 

6-7 

High  strength.  Pair  corrosion  resist¬ 
ance  Poor  formability  and  weldability. 
Not  brazeable. 

1  Maximum 

^ Where  a  choice  exists  (L  e.  T6  versus  T651C*  the  simple  designation  (TO)  rovers  only  sues  under  0  500  inch. 


TYPICAL  CALLOUT 

AAR.  AL  ALLOY  PBPS-TA  OO-A-MO  I  I  .  rune  T6 
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SHEET  AND  PLATE 


SPECIFICATION  INFORMATION 


DRAWING  CALLOUT 

MIN  TENSILE  PBOPEKTIES 

1  SIZE 
RANGF 
INCHES 

APPLICATIONS 

ALLOY  AND 
SPEC 

TEMP 

t  LT1MATE 
PS  I 

YIELD 

PSI 

li  flong 

IN  2  IN. 

1100 

QQ-A-250  1 

0 

H14 

11.000 

16.000 

3  500 
14.000 

15-30 

1-10 

0.006-3.000 

0  009-1.000 

In*  to  moderate  strength.  Excellent 
weldabilitv.  formability  and  corrosion 
resistance. 

2024 

QQ-A-250  5 

0 

T3 

2  32  000 
64.000 

*14  000 
42  DO 

12 

12-15 

0.010-1.750 

0  010-0  249 

High  strength  structural  use  Not  welda¬ 
ble  by  fusion  methods.  Fair  corrosion 
resistance  and  (ormabiltty. 

2219 

MlL-A-8920 

0 

T3i 

T351 

T37 

232.000 

46.000 

39.000 

43.000 

Z16.000 
28.000 
25  000 
34.000 

12 

10 

6 

4 

0.040-2.000 

0.040-0.249 

0  250-6.000 

0  040  -•  .000 

Gv~d  strength  at  temperatures  to  400’F 
bta triable  by  heat  treatment.  Fair  cor¬ 
rosion  resistance  and  formability.  Not 
hrazeable.  but  may  be  welded  ey  standard 

procedures. 

3003 

QQ-A-250  2 

0 

H14 

14  000 
20.000 

14-25 

1  10 

0.006-3.000 

0  009-1.000 

Moderate  strength.  Good  weldability, 
formability  and  corrosion  resistance. 

5052 

QQ-A-250  8 

0 

H32 

H34 

25.000 

31.000 

34.000 

15-20 

4  12 

3-10 

0.006  3  000 

0  017-2.000 
0.009  1  000 

Highest  strength  for  non- neat -treatable 
alloys.  Good  weldability  and  formability 
Very  good  corrosion  resistance. 

6061 

OQ-A-250  11 

0 

T4 

T6 

222.000 

30.000 

42.000 

21 2.000 
16.000 
35.000 

14-18 

14-18 

8-10 

0  010-3.000 

0  010-3  000 
0.01C-2  000 

Good  corrosion  resistance,  weldability 
..nd  lor  main  lit  v.  Hrat  treatable  and 
brazeable. 

7075 

QQ-A-250  12 

0 

T6 

T651 

240.000 

76.000 

70.000 

22l.009 

65.000 

60.000 

10 

7-8 

_L! _ 

0.015-2.000 

0  015-0.499 

0  249-3.000 

High  strength  structural  use.  Fair 
'■rrosion  resistance  Poor  formability 
.•nd  not  weldable  by  fusion  methods 

*  Larger  value  lor  elongation  corresponds  to  thinnest  slieet  ol  size  range.  Smaller  value  corresponds  to 
thickest  plate  or  sheet. 

‘Maximum. 


TYPICAL  CALLOUT 

032  SMfCT  Al  ALLOT  6061 -T4  OO-A-377  TEMP  T4 


PERMANENT  MOLD  CASTINGS 

SPECIFICATION  INFORMATION  | _ 


DRAWING  CAL LOt  T 

MIN  TENSILE  PROPERTIES 

APPLICATIONS 

ALLOY  AND 
SPEC 

TEMP 

ILT1MATE 

PSI 

YIELD 

PSI 

.  ELONG 
IN  2  IN 

113 

QQ  -A-596 
Class  1 

F 

24  000 

General  use 

B195 

QQ- A  -596 
Class  4 

T4 

T6 

T7 

33.00C 

35  000 

33  000 

-- 

4  5 

2.0 

3.0 

General  use  where  g<*xt  strength  and  high 
ductility  are  required  G-xl  lasting  and 
•na  ‘-.mint:  properties  Welding  is  n«>t  recom¬ 
mended  Very  gmal  macfcmabiUtv 

43 

QQ  -  A  -596 
Class  7 

V 

21.000 

- 

5.0 

Mav.rnum  l  -rroor.  i  «•  Excellent 

casting  properties  Fair  machining  qualities, 
weldable,  brazeable 

356 

QQ-A  S96 

Class  e 

16 

r- 

33  000 

29  000 

3  0 

4.0 

High  strength  and  r»  sistame  to  corrosion . 
Excellent  casting  and  welding  properties. 

Good  mai '  ining  qualities 

319 

QQ  A -596 

Class  11 

F 

T6 

29  000 

40  000 

2  5 

2.0 

High  strength.  Excel:  -nt  tasting  properties 

Ternaliov  5 
QQ-A -596 
Class  13 

T5 

30.000 

10.0 

High  strength  and  ductility.  4<nm»  corrosion 
resistance  and  pressure  tightness 

Ternaliov  7 
QQ-A-S96 
Class  14 

T5 

T7 

42.000 

45  000 

-* 

4  0 

3.0 

High  strength  and  ductility,  good  i  <r:osion 
resistance,  and  pressure  tightness 

TYPICAL  CALLOUT 


II3-F  Al  ALLOY  PERM  MOLD  CSTC  00  A- 596  Cl  1  TEMP  f 
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AIIKLNUM  ALLOYS  (Continued) 


sano  Castings 


SPFCIFtCATION  INFORMATION 


DRAUING  l  Al  IOIT 

MIN  TF-NSU  3  PROPERTIES 

APPLICATIONS 

Ai  LOY  AM' 

spec 

TEMP 

IT  TIM  AT  F 
PSI 

Ylf  LD 
PSI 

7  FI OVC 

IN  2  IN. 

43 

gw-  a-«oi 

r 

17.000 

-- 

3 

Excellent  cut  mg  and  corrosion  r  distance 
properties.  Thin  sailed  and  complicated 
shape*  Can  be  brs*~d  or  welded.  Pressure 

f  «> 

356 

WQ-  A- 401 

T4 

T5! 

T6 

25.000 

23.000 

32  000 

20.000 

3 

3 

An  .vv h  anc  corrosion  resistance 

Excellent  ranting  properties.  Good  machina- 
bility  and  weldability. 

its 

gw-  a-aoi 

T4 

T6 

T62 

T7 

29  300 

32  000 
36.000 
29.000 

20.000 

6 

3 

3 

High  strength,  duitiiity.  and  resistance  to 
shock.  Good  casting  properties  Very  good 
machinabilit>  On  not  weld 

214 

gw  a- sol 

F 

22  000 

6 

Superior  resistance  to  corrosion.  Good 
strength  and  elongation  as  cast 

142 

gw- a  6)1 

T21 

T571 

23  000 

29  000 

-- 

Strength  and  hardness  at  elevated  temperature 
Good  mai  hmalullty 

122 

gw  A-6t  1 

T2 

T61 

23.000 

30.000 

Strength  and  hardnes*  at  ele’.ated  temperature 
<>»od  ma<  htnability.  May  be  welded  or 
electroplated. 

355 

gw  a  601 

T51 

T6 

T? 

T71 

2  V  000 

32. 000 
35.000 
30.000 

20  000 

2 

High  strength  and  corrosion  resistance 

220 

go  a  - 6oi 

T4 

42  000 

22  000 

12 

Maximum  strength,  elongation  and  resistance 
to  shock  Fair  casting  properties  Excellent 
rnarhmatnlitv.  Do  not  weld. 

403 

gg  a  6oi 

f 

T*  _ 

34  000 

34  000 

25  000 
25.000 

4 

4 

Requires  special  foundry  practice  High 
strength  ductility  and  resistance  to  shock 

Atn.ag  35 
gw  A  601 

» 

_Li _ 

35  000 
35.000 

18  000 
18.000 

9 

9 

Excellent  shock  reststancr  and  corrosion 
resistance  Excellent  machmabilitv 

TYPICAL  CAUOUT 


J44-T1I  AL  ALLOT  SANO  CSIO  OO  A  401  ALLOT  )S6  TIMP  I  SI  I 


PttCISION  INVESTMENT  CASTINGS  i 


SPECIF  ICATON  INFORMATON 


LKASMNG  CALLOtT 

■E5 

APPLICATIONS 

ALLOY  AND 
SPEC 

TEMP 

■rrrrr» 

■cnsi 

1  ELONG 

IN  2  IN 

356 

HMs  1-1034 

T51 

T6 

23.000 

30.000 

20.000 

3 

Moderately  stressed  small  part* 

TENS- 50 

HMs  1-1142 

T6 

42  000 

32.000 

2 

High  strength 

C612 

HMs  1  - 1270 

T5 

28.000 

16.000 

4 

*  ridable  and  braaeaole 

ru'  lr*i  turn 


TYPICAL  CAUOUT 

3S4-T4  AL  ALLOT  INViSTMiN!  CSTO  HAS  I -1034  TIMP  14 
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VOLUME  III 


SPECIFICATION 

HM5  1-1)59 


:  FOIl 

I _ 


APPLICATIONS 

s'riallv  lor  *h 
ontact  «ith  <41 

moisture  tan  lead  galvanic  rnrnwuin. 


Aluminum  f* *»l  is  usid  indus'rulU  lor  shielding  .md  4^  \ao  1  and  1 
roaion  lurrn  rs  Direct  contact  with  -4h*  r  m.  tals  in  th*  pi.  •.•  phi  i 


CLASSIFICATION 


TEMPER 

Si  l  R  F  At  F  C  ONDITION 

0 

Dry  -ai  iiir  a  led 

Slick- anneal  ed 

H- 14 

Washed 

H-l» 

Washed 

H- 19 

Washed 

Finish***  Matte  one  side.  Bright  two  •.id*"-  Fvtia  Bright  *  •  sat*  Satm 
Alloys  1100.  1145.  1!80  1188  1199.  1235  JUu3.  5052.  St>5* 

TYPICAL  CALLOUT 

|  0070  KHL  AL  ALLOT  COUP  1100  TEMP  0  SLICK  ANNEALED  MATTE  ONE  SOE  ] 


SPECIFICATION  INFORMA' ION 


FORGINGS 


DRAWING  CAL  LOTT 

'min  TFNSII  f  PKOPI  RTIES 

Al  LOY  AND 
SPEC 

TFMP 

t  LTIMATE 
PS! 

YIELD 

PS! 

*  E  I.ONG 

IN  2  IN 

APPLICATIONS 

2014 

gg-A-367 

T4 

T6 

55.000 

65.000 

30.000 

55.  *00 

Moderately  high  >tr«  ngth 

2017 

gg  A  367 

T4 

55.000 

30.000 

11 

Small  hydraulic  system  forgings  (mp4 
mac  hi  liability 

6061 

gg-A-367 

T6 

38  000 

35.000 

7 

For  intricate  parts  difficult  to  force  in  high 
strength  alloys.  Goodcomwiion  resistance 

7075 

gg-A-367 

T6 

75.000 

65.000 

7 

Small  and  wiedtum  sired  forging*  where 
maximum  w«  ight  saving  is  essential.  D 
n«4  use  for  forgings  over  3  inches  thick. 

7079 

gg-A0367 

T6 

72.000 

62.000 

7 

Large  forging*  where  r  aximum  weight 
saving  is  Essential  l's-  for  forgings  on  r 

3  itu  h»  s  thick. 

7178 

HMS  1  -1283 

T6 

T652 

80.  000 
74.000 

74.  000 
67.000 

7 

7 

Used  for  maximum  s' rength.  T652  only 
is  used  when  well*  thickness  * x«  ««  d* 

I  inch. 

Test  specimen  parallel  to  forging  (low  Inn  *.  Proper!  u  •.  are  1ms*  it  "n  die  forging*  Pr< -parties  l«*r  hand 
forgings  will  A  peml  on  c  russ-s*  ct naval  area. 

TYPICAL  CALLOUT 

|  FORGING  AL  ALLOY  20U  T4  00~iT367  ALLOT  2014  TEMP  T4  | 
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SPXCXAL  AUMXMM  APPTTCATXOHS 


mow  it  com  oo*i 


SPK»ICATON 

MH.-C-74M 

APPUCATDNS 

This  hcereycombcore  mater  i  a  I  it  available  m  a  numt*rol  «  or  figure  *»• 
to  give  desired  strength  weight  and  an#  Feature*  of  the  ho*»ey<onib 
are  specified  in  a  coded  number  which  also  include*  the  manufacturer  * 
trad*  namrjirr  Typical  Callout).  The  sfec ification  pro* idea  rwrwx  for 
required  flatwise  ompressive  strength.  core  shear  modulus  a*»d  aand 
wich  shear  strength  for  anv  required  dena it y  of  material  In  making  up 
a  sandwich  structure  using  Una  core  the  farm#  material  and  adheaive 
uaed  munt  te  aeparatelv  specified. 


CLASStflCATlON 


Designated  Nominal  Drnsilv 
Cell  Sire 

Nominal  Foil  Thickne** 

P  or  N 
A  lov 


1  6  to  10  0  p  f  (pnundA  per  (  utiu  loot) 

1  8  to  3  8  inrf 

O'*  to  SO  ten -thousandth*  »*l  an  >n<  h 
Perforated  or  no  i  |>e  i  for  uteri  <  me 
3003  or  5052  nmimrrt  tal  rtr  signal  ion 


TYPICAL  CALLOUT 


I  HOWtTCOlU  CQ4I  A1  AUOT  PM  »KC~743I  ITtADE  HUM)  4  3  1A?0rf3001)  | 


DK  CAST  MGS 


SPCCeiCATDN  MfORMATON 


DRAWING  CALLOIT  |  TCP  TENSILE  PHOPESTIE^ 

APPLICATIONS 

ALLOY  AND 
i>PEC 

TEMP  lLTps}ATC 

_ I _ 

YIELD 

PS1 

<  ELONG 

IN  2  IN 

A 13 

QQ  A-59I 

A  a  Caat 

42  000 

1»  000 

3  5 

Excellent  casting  properties  Good  mechan¬ 
ical  qualititea  and  corrosion  resistance 
elding  is  not  recommended 

43 

QQ  A  591 

Aa  CuM 

33  000 

14  000 

9  0 

General  purpose  castings  Machines  %  ell 
and  is  weldable  and  bra/eable  0**1  resist 
ance  to  corrosion  Excellent  casting 
properties 

216 

QQ  A  591 

As  Cast 

45  000 

26  000 

5  0 

Best  combination  of  strength  ductility 
resistance  to  corrosion  Difficult  to  cast 

AMO 

QQ-A  591 

As  Cast 

46  000 

34  000 

3  5 

More  resistant  to  corrosion  than  alloy  A380 
Good  strength 

A360 

QQ  A  591 

As  Cast 

47  000 

23  000 

3  5 

Use  lor  high  strength  cast.ngs  and  where 
resistance  to  severe  corrosion  is  not  required 

TYPICAL  CALLOUT 

43  *1  ALLOT  Ml  CSTO  OO-A-Jtl  ALLOY  4] 


{ 
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MAGNESIUM  ALLOYS 


SHUT  AND  run 


SFICIFICAtlON  INFORMATION 


1 -  ~~ 

DRAWING  CALLOUT 

MtN  Tl  NSILE  PROPERTIES 

SIZE 

ALLOY 

AND  SPEC 

TEMPER 

1 l TIMATf 
PSI 

1  YIELD 
*  PSI 

ELONG 

IN  2  IN 

RANGE 

INCHES 

APPLICATIONS 

AZ31B 

0 

30  000 

i 

1 10-  12 

0.  016-2. 000 

Good  lor  mine  proptrtio  ftUjr  b* 

OO  -M  44 

H24 

30  000 

20  000 

6 

0  016-0.249 

—  •  Ld— <f  rood  (UIMM  lAd 

M2  4 

34  000 

20.000 

1 

0.  250-2  000 

ductility  in  H24  tirrptr  Dtnt 
r#*i»Unt. 

HK31A 

H24 

34  000 

1  24  000 

- 5 - 

0.  016-0.250 

Good  lormiM  propertlta. 

F ictlkra  wfldAbilltv.  for 
applications  up  to  600*  F  or  lor 

M1L-M  26075 

H24 

33  000 

25  000 

4 

0.251-3.000 

»hort  timti  At  Meter  ttmp«rslur«t. 

hmJTa 

MlL-M-891? 

T8 

30  000 

J*  000 

6 

All 

Retains  useful  Atrofurth  At  AtevtlPd 
tempertturAA  'll, 000  pol  ttnAlU 

ultimate  ai  600*  F).  Good 
weldability. 

1 _ 

_ 

J _ 

_ _ _ 

. 

t ioncalion  rf(tn  r  thKhrr  of  mjterul 


TYHCAl  CAUOUT 

040  (Mill  MAO  AHOY  A.1WM24  00  *  44  TIMA  H24 


•AR,  ROD  AND  SHARIS 


I  SPICIFICATION  INFORMATION 


DRAWING  CALLOUT 

MIN  TENSILE  PROPERTIES 

sizr 

| - - 

ALLOY 

AND  SPEC 

TEMPER 

ULTIMATE 

PSI 

YIELD 

PSI 

7  ELONG 
|  IN  2  IN 

RANG*  APPLICATIONS 

INCHES 

AZ31B 
QQ-M  31 

|  ] 

F 

1  , 

32.000 

21.000 

t  | 

1  7 

.  ------ 

1  0  249  2  490 

G  *d  e*t  rusi  *r  haracleristic s 

M*>  be  welded  Mderate  strenjfth 
a  »d  ductility 

AZ6IA 

OQ-MOl 

F 

36.  000 

16.  000 

7 

0  249-2  499 

Sightly  tietter  mechanical  pr  >p 
ernes  than  AZ31  B  at  n*<m  and 
elevated  temperatures  May  be 
*  e  Ided 

AZ80A 

QQ  M  31 

; _ ] 

F 

T5 

_ i 

43  000 
47.000 

28.000 
30.  000 

A 

4 

0  249-2  499 

0  249  2  499 

^  j 

Best  mechanical  properties  of 
alloys  listed  May  be  welded 

Good  elevated  temperature  prop- 
^  ern»  s  in  F  temper 

HM31A 
MIL-M  8016 

i  1 

T5 

37. 000 

26  000 

4 

tp  to  4.  000 

F  r  xtruFions  G<xd  pr npert u  s 
at  elevated  temperatures  (17  000  i 

tpnsile  ultimate  at  600  F| 

ZK60A 
gg  vi  -3i 

1 _ ! 

F 

T5 

_ 1 

40.000 

45.000 

28  000 

36  000 

- 1 

»/•>  w 

A.l 

A-! 

J _ i 

l  st  d  1  r  sfr*ntfh  and  tough¬ 

ness  Difficult  to  luMv»n  weld 
Resistance  ueldm*:  ability  ,s 
etc 4  lient 

TYPICAL  CAUOUT 


,  IA«  *A0  AHOY  AIAIA-F  00  *11  COMP  A7AIA.  TIMP  I 


f 


I 


i 

i 

1 

I 

' 
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ON  CASTINOS 


SFICIHCATtOM  IMfOt  NATION 


DRAWING  CALLOLT 

VrP  TENSILE  PROPERTIES 

ALLOT 

*no  spec 

3 

ULTIMATE 

Ptl 

F3 

t  I  LONG 
W  S  IN 

AttlA 

9Q-M-M 

i 

r 

IS  000 

14,000 

1 

APPLICATIONS 


Loan  expert  eh-e  for  high  production  rwii 
Good  dim  me  tonal  accuracy .  Excellent 
furfice  fmieh 


‘Separately  can  t«N  epecimene 

rmcAi  cauout 

I  aioia-p  mao  Auer  on  eire.  oo-w-ii  timp  % 


PfRMANINT  MOLD  CASTINGS 


spicimcatiom  w*oe  nation 


DRAWING  CALLOLT 

'son  tensile  properties 

ALLOT 

TEMPER 

ULTIMATE 

YIELD 

tKLONG 

AND  SPEC 

pn 

PS! 

AZ03A 

r 

14.000 

10.000 

.  t 

OQ -MJS 

T4 

14.000 

10  000 

7 

TS 

14  000 

11  000 

2 

TO 

14.000 

14  000 

s  4 

AZOIC 

r 

11,000 

10  000 

QQ-M-SS 

T4 

14,  000 

10.000 

i 

TO 

10  000 

11  ooo 

2 

TO 

14,  000 

if. ooo 

1 

IZUA 

QO-M-tS 

TS 

10.000 

14.000 

2 

- L 

APPLICATIONS 


Limbed  to  relatively  simple  shapes  and 
sixes  Prwu  t:  porosity  and  segregation 


Maau»«c'  •  rength  and  hardness  caneiNent 
*M  fead  NniiKy  and  food  casting  prop¬ 
erty*  Good  aside butty 


Neie  is  essential  Hae 

>  ^  to  *00  P  excluding 


‘Separately  caet  teN  specimens 

TYNCAl  CAUOUT 

|  AIS1A-T*  MAO  AUOY  PIIW  MOLD  CIT«  00-M.|S  AUOT  AX41A  TIMP  T4 
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SAND  CASTINOS 


SPfCIFICATION  INFORMATION 


r - - 

DRAWING  CALLOl  T 

j 

r1  1 

'vis  TISSUE  PROPERTIES 

APPLICATIONS 

ALLOY 

TEMPER 

l  LTIMATE 

YIELD  1 

1  ElONG 

AND  SPEC 

PSI 

PS! 

IN  2  rN 

AZ63A 

h  r  H 

26.000 

11,000 

* 

Limited  to  relatively  timple  shape*  and 

<NU1« 

T4 

34.000 

11.000 

7 

iufi  Prone  to  porosity  and  segregation 

T5 

26  000 

12  ooo 

2 

T0 

34.000 

10.  000 

3 

AZftlC 

F 

23.000 

11  ooo 

Miiimum  Rtrength  and  hardnes*  (on- 

gg-M 

T  4 

34.000 

11  ooo 

7 

•  latent  with  g>Mid  ductility  and  f  x«d 
ratting  proper  tie*  G<-d  weldability 

T5 

23  000 

12  000 

2 

T« 

34.  000 

10  ooo 

3 

L_  _ __( 

EZ33A 

T5 

20. OOO 

14  000 

2 

Ik  where  %<«undr.  -•*  i*  rtwentul  Ha* 

gg  M  50 

pf  'V*rt  in  up  to  500  F  including 
g<»*1  1  reep  Atrrngth 

HK3l  A 

T* 

27 . 000 

13.000 

4 

^  l  *e  t  700  F  for  *h  »rt  time*  Etcrllent 

og-M  it 

aeldat'iliT.  and  pre««ure  tightne** 

l— - -t 

Z  Kf '  A 

T5 

3ft.  000 

20  000 

5 

Miiinium  Atrrngth  and  t.ajghne** 

WO -M  50 

T* 

L_ 

Limit*  J  weldability 

1  \ 

WE22A 

TA 

20  000 

20.000 

2 

fi  At  pr  iprrue*  at  ele»a’ed  temperature* 

AMS  4410 

L _ 

to  600  F  ur  *hor*  nm  a  at  higher  tempera 

i'“r-  .  _ _ 1 

S»  pjr.lrl>  ciM  t.sl 


»p«-c  i  mens 


TYNCAICAUOUT 

|  AUK -14  MAO  AHOT  SANO  CIIO.  OO-M  SA.  COMA  AI4IC  TIMA  TA 


FORGINGS 


SFfCIFICATION  INFORMATION 


DRA^rNG  CALLOUT 
_ 

MIN  TENSILE  PROPERTIES 

ALLOY 
AND  SPEC 

CONDITION 

-  - 

ULTIMATE 

PSI 

YIELD 

PSI 

T  ELONG 
IN  2  IN 

APPLICATIONS 

AZ61A 
gg  m-40 

F 

30.000 

22  000 

6 

Reiamely  e**y  to  weld  Suitable  for 
pre»*  forging  of  inincr.te  part  a 

AZ60A 

F 

42,000 

je  ooo 

5 

Matimum  strenfth  Not  recommended 

gg-M  40 

L 

T5 

42  000 

26.000 

2 

for  large  and  intricate  forginfa 

1  ZKSOA 
gg-M-40 

_ 

T5 

42.000 

26  000 

_ 

7 

_ 

Beit  combination  of  strength  and 
ductility  Excellent  press  forging 
characteristics  Not  usually  fusion 
welded 

TYFKAl  C  All  OUT 


j  EOtOINO.  MAO  AllOT  K4QATF.  OQ  W-40  CONP  IKAOA.  TWtT| 
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Appendix 


COPPB)  ALLOYS 


SffCIfiCATION  INFORMATION 

SHUT  AN0  eiATf 

OHAAINC  CALLOIT 

MIN  rCNSILt  PHOFCHTIU 

CATIONS 

tree  AND 

COMPOSITION 

COND(TION 

ULTIMATE 

Fa 

YIELD 

Pfl 

1  ELONG 
IN  2  IN 

APFL 

'«-C-M4 

CR,  IMIM 

CR.  11  hard 
CF  aoF  anl 

NF 

HF  annealed 

22  000 
r  ooo 

20  ooo 

20  000 

-- 

COPPER  Ba«  tormabllgy  in  annealed 
condMioa  Hick  electrical  and  thermal 
ondurtivity .  Low  etrenfth.  Specify 
oxyg  e*  free  if  brazing  will  be  used 

Specify  i Muted  one  aide  or  both  aides 
lor  solder  mg  Poor  mack  inability. 

Wb-411 
Coup  1 

Amraiad 

1  1  kart) 

1  1  kart) 

Hard 

Spring 

41.000 

55, 000 

II.  ooo 

M  000 

.... 

:: 

" 

ELLO*  BRASS  Low  elect nc al  and 
sermai  conductivity  Moderate  strength 

Fair  mack  inability  Excellent  forma* 

btlcy  May  be  b raxed  or  soldered 

Wmii 

Comp  2  Annealed 

1  2  hard 

Spring 

57,000 

91  OOO 

_ 

CARTRIDGE  BRASS  Better  forma* 
tnlcy  than  yellow  brass  Electrical 
and  thermal  conductivity  and  joining 
characteristics  are  similar  to  yellow 

brass 

‘qQ-B-4>> 
Comp  4 

Annealed 

1  2  hard 

51,000 

- 

_ 

_ 

RED  BRASS  Electrical  and  thermal 
conductivity  better  than  yellow  brass 

Fair  machmability  May  br  brazed  or 
soldered.  Excellent  lormabtlity 

W»  »u 

Comp  24 

1  4  hard 

1  2  hard 

Hard 

Extra  hard 

49  000 

55  000 

61  000 

79,0u0 

LEADED  BRAS  Excellent  machln- 
ability  Pair  lormabtlity  May  be 
soB  soldered  or  brazed  Low  elec¬ 
trical  and  thermal  conductivity 

Comp  1 

1  2  hard 

l—  - 

60,000 

35.000 

20 

NAVAL  BRASS.  Good  formability 

May  be  soldered  or  brazed.  Fair 
machmability.  Low  cost  for  high 
at  rength. 

8qq-c-sm 

Comp  1T1 

A 

1/4  H 

1/1  H 

H 

AT 

1/4  HT 

1/1  ITT 

HT 

.  _ 

•0,000 
75,000 
•5,000 
100,000 
195,  000 
175,000 
115.  000 
190,000 

140.000 
150,000 
190,000 
195,  ooo 

35 

10 

* 

3 

2.5 

1 

1 

BERYLLIUM  COPPER.  May  be  bought 
to  A  or  -H  conditions  and,  after  fabri¬ 
cation,  heat  treated  to  AT  or  -HT  con¬ 
ditions.  Low  electrical  conductivity. 
Machines  beat  in  hardened  condition. 

Beat  formablUty  In  A  condition.  May 
be  hot  worked,  welded,  soldered,  or  , 

brazed. 

1  sgg-c-s»i 

f  oinpWi 

Soft 

Hard 

•  w» 

O  O 

§§ 

15,000 
60  MX* 

3! 

5 

HIGH  SILICON  BRONZE  Excellent 
cold  working  properties.  Fair 
machmability  Very  low  electrical 
conductivity  Suitable  for  struc¬ 
tural  parts. 

1.sqq-B-750 
Comp  A 

Hard 

Sprti* 

_ 

72.000 

91,000 

-  1 

PHOSPHOR  BRONZE  Excellent 
formabiltty  High  resistance  to 
fatigue.  Low  friction  coefficient. 

Poor  marhlnabtllty. 

1  Includes  alto  atrip  and  flat  bar  stock  with  si  it .  »hcar«*d.  rolled. 

^Includes  also  atrip 

^Include*  alao  atrip  and  flat  bar  with  finished  edfes. 

VfTKAl  CALL  OUT 

awed  or  machined  ed| 

r* 

_ 

IN  ITW,  WTUIIW  com.  OO-C-IU  COW  HH 

VOLUME  III 


MIN  TEMBLE  PROPERTIES 


Dt  a  RING  CALLOUT 


ULTIMATE  YIELD  I.  LONG 

PSI  PS  IN  2  IN. 


CONDITION,  ‘FORM 


APPLICATIONS* 


COPPER.  H-*h  elettrictl  ud 
thermal  .  onouctitity  Mod¬ 
erate  strength.  Fair  machtn- 
ability  Rrarma  »tU  reduce 
itmith 


YELLOW  BRA  ha  Lo»  elec¬ 
trical  and  ihern.ai  c undue  - 
duty  Muderaie  strength 
Fair  mac hinabtlity  Strength 
mil  te  reduced  b%  melding 


QQ-B-626 

Comp  22  12  Hard 


CARTRIDGE  BRA  ha  Similar 
to  velloa  braaa  *ith 
higher  electrical  and  thermal 
<  conductivity  strength  sill  be 
reduced  bv  braring 


QQ-B-63? 

Comp  1  12  Hard 


NAVAL  BRA  Jib  Fair  n.athw- 
ability  Good  strength  tor  k»a 
coat.  May  be  brand  but 
»t  rent: th  a  ill  be  redoc  ed 


Cp  to  0.  500  i 
0.  501-1.000 
1  001-2.000 
2.001-3  000 
3.001-4  000 
Over  4.  000 
L'p  to  1.  000 
1.001-2.000 


LEADED  NAVAL  BRASS 
a. n;  liar  to  naval  braaa  aith 
improved  machmability . 


QQ-B-679 

Comp  1 


ALUMINUM  BRONZE  BETA). 

Good  mat  hinabilitv  Mav  be 
bra/ed  but  strength  a  ill  be 
reduced 


areas 

Relieved 


QQ  B-728  1  2  Hard 

Haas  B  Hard 


MAcCOANESE  BRON/I 
strength  Tough  and  »• 
resistant. 


PHOSPHOR  BRONZE  Excel  - 
lent  formabilrtv.  High  r**ia- 
tance  to  fatigue  Loa  friction 
coefficient.  R  «>r  marhinabiiny 


For  data  on  forma  not  1  rated,  consult  applicable  specific  at  ion. 

'Rod  la  defined  aa  round,  hrxagunal,  or  octagonal  solid  section  furnished  in  straight  lengths 


Bar  is  defined  aa  rectangular  or  aith.  tao  parallel  aurfacea  and  tao  finished  regular  edges. 

TYMCAl  CALLOUT 
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fltettos  6  -  Apptndlx 


IZCm  ALLOTS 


NICKIL  ALLOTS  •  AAR 


DRAWING  CALLOUT 


COML  SPEC 
NAMF  ,  NIMUR 


SPKClfICATION  INFORMATION 


MIN  TENSILE  PROPERTIES 


l LTIMATE 
P8I 


1  *  I LONG 
IN  4  DU 


APPLICATIONS 


INCONEL  AMS  5887 

jttso 


.  83  000  105  000  *20 


Intruded  l.*r  ua«-  at  elevated  temperatures  Hi*h 
tirrnfth  i<*  |A00  F  Ostdatinn  resistance  In 
1100  F  May  !»  IkiKinn  arlded  in  •nlutl'Kl  treated 
i  indiimn  »uh  i  <«<i  joint  strength  and  ductility 
May  »w  lira/rd  G-  < d  mffniion  resistance 
Better  nut  h  nihility  in  lul|v  aged  condition 
Generally  used  m  heat  treated  condition  Supplied 
III  solution  treated  condition 


Intended  lor  Ion#  N'mrf  life  at  temperatures 
I  r  >m  800  F  t  .  1 1 00  F  &<»d  mniim  e  to  nil 
dati«»n  and  ftirruium  VtrldaMe  in  solution 
treated  i  ►ndi»j,«n  G««d  impart  strength  to  -320  f 
Solution  Prated  <>nriit|nn  i*  easier  to  machine  tiut 
heal  -treated  material  t(iu-*  feat  machined  finish 
(Jen*  rail*  um^  in  ties'  treated  condition  Supplied 
I  in  e«|aall/ed  t  >ndil|.*n 


Pr  »prrtie%  after  prn  ipit-i  hhi  heat  rratment  p*  r  AMS  3712 
*Pr. ipeitiea  alter  a#  in#  per  AMS  5887 


T YWCA l  CALLOUT 

i  Aft  NICKIL  ALLOT  •  I  Ml  41  AMS  9  712 


NICKIL  ALLOYS  .  SHUT  AND  PLATI 


SPEC 

NUMBER 


MIN  TENSILE  PROPERTIES 
ULTIMATE*  YIELD  ELO 

psi  psi  rs  2  r 


INCONEL 

X750 


0  0|0  to  0  187 

O  er  0  187 
All 

I  Ip  to  0  CI8 


Under  0  025 
I  0  025  to  0  125  | 
0  128  to  0  250  I 
Al. 


170  000 
M95  000 
*170  000 


1 130  000 
1 1 30  000 
1 130. 000 
*155  000 


,  ™ 

r\  2  in 

1 1  00  ooo 

30 

>140  000 

,20 

2 j 30  000 

,  2io 

2  Juo  000 

i 3 

2  ?110  000 

? 3  j 

2  *110.000 

i 

3  3  3 

I  80  000 

40 

1  65.  000 

40 

<100  000 

<20 

A  PPl  ICATIONS 


Intended  f  >r  u*e  ji  «  it  \  a  ted  temper 

ature*  Hi*n  strength  *  1800  F 

May  le  fusion  srlded  in  solution* 

I  treated  tondiHon  *ith  ^i<*1  joint 
strrntft"  and  ductility  Mav  t» 
t»fa/ed  G«*d  r  >rr  >«»ion  resistance 
I  G< h d  f  rmji’ility  Generally  used 
i  in  heat  treated  i  ondlt  it  mi 

|  Intended  h»r  Ionic  nerutf  lile  at 
temper  a  tun  s  to  1000  F  Go*d 
re*istan«e  to  uitdation  and 
corrosion.  Vfceldal'le  in  solution 
treated  i  ondiMon  try  lu«mn  or 
rrsistjm  e  methtds  G«*<d 
I ornuliiiity  Generally  u**«d  in  heat 
I  treated  condition  Supplied  in  r  >ld 
I  rollid  jnd  anmuled  condition 


^A/ter  precipitation  heat  treatment  per  AMS  5545 

3T.*lrd  it  1400  F 

*Altcr  itfintf  prr  MIL-N-7784 

TYPICAL  CAUOUT 

0J1  SHF  IT  MCKKl  ALLOT  INCONIl  X7J0  MIL  N  F7M  | 


6-2 


MIN  TENSILE  PROPERTIES 


UTANI  M  ALIO  ( S  jMlfl 


SAfCIF  1ATION  INFORMATION 


MIN  TENSILE  PROPERTIES 


DRAWING  CALLOUT 


ALLOY 


ULTIMATE 

PSI 


APPLICATIONS 


UNALLOYED  TITANIUM  Not  lurihtu  Keji 
treatment  Excellent  rorrusion  rr»i«un> 

Difficult  to  c  >i4-form  »«ut  may  t»  hot  for  ,«  J  ai^ive 
500  F  Readily  »  elded  mith  welds  also  exhibiting 
excellent  corrocton  resistance. 


SIZE 

RANGE 

INCHES 

ORIENTATION 
TO  ROLLING 
DIRECTION 

- - 

SUE 

MIN  TENSILE  PBOPEPTIES 

RANGE 

INCHES 

ULTIMATE 

MIN  PSI 

YIELD 

MIN  PSI 

T  ELONG 

IN  2  IN 

0.  lNtoO  §75 

0.176  to  1  125 

1  126  to  *  §75 

105  000 

100.000 

90.000 

90.000 

10 

§5.000 

75.000 

§ 

5 

1  §76  to  2  §75 

2  §76  to  9  500 

3.  501  to  4  500 

§0.000 

75.000 

70.000 

70.000 

65.000 

60  000 

4 

3 

2 

Appendix 


MISCXLLAJOKXIB  ALLOYS 


BERYLLIUM  SHUT  AND  HATE 


MCVKATtON 
AMI  MOI 

DOOM  DATA 

Pnfrtf 

T«a»if)  ultimate  mrmc tk  to  0  ISC  inch  thick) 

Tm»  f  MM  Mrmglk  lue  to  0  ISO  inch  ihKk) 

(long  at  ua  w  I  jKk  (of  lo  0.  ISO  i*ck  ikKk) 

IMiU  ol  alaaiiciiy 

YMCAL  CALLOUT 


SS.OOO  hi.  minimum 
♦5  000  hi.  minimum 
S  I  minimum 
M  I  10*  p«i  typical 


|  Ml  IMIIT,  MimjUi.  A*$  M01  I 

STOCK  sail 

Thu  material  la  available  oh  anclal  order  wly  and  any  gage  Irom  0  001  to  0.  S00  uich 
may  be  ordered  Toleraacee  (•"•rally  run  about  ■  10  peccant  ol  ordered  thickneee. 


BERYLLIUM  BAR  AND  ROD 


mancADON 

AMS  7*01 

OCSION  DATA 


Pronrty 

Teaelle  uklmale  etreagih 
Tmlk  yield  etrengik 
KloagMIoa  la  1  lack 
MaAtlia  ol  •labile "y 


40,000  HI.  minimum 
SO,  000  H>.  miaUBum 
1 1  minimum 
♦4  i  l<^  H>.  typical 


tyfical  cauout 

BAB,  ■  IIVILIUM.  AMI  F*0I 


TITANIUM  ALLOY  -  BAR 


SAICinCATION  INFORMATION 


DWAWMG  CALLOUT  MIN  TINKLE  PHOPBBrag 
ALLOT  I  ULTIMA T*  I  YtKLO  (LONG 

AND  (PtC  tLA"  PS  PS  IN  I  IN. 


‘IMPACT 
STMNGTH 
MIN,  FT-LB 


4A1  4  V 

MIL-T-g047 


APPLICATIONS 

ALPHA-BETA  TITANIUM  ALLOY. 
Hardanable  by  heat-treatment.  May  b* 
fueton  welded.  Supplied  I"  annealed 
condition.  UaeMe  etrergvh  to  750  F 
oxidation  realetance  to  .000  F  Fan 
mac  htrabtllly  and  proauree  pood 
surface. 


Charpy  v  notch 


^Solution  treated  and  aged  per  HP  1-30- 


TYWCAL  CAUOUT 


•  At.  Tl  ALLOT.  A Al  «V.  *11-1*041,  Cl  S 
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) 


TMCNMOSCTDNO  FRlJO  MOWING  MATWAl 


OTCIFIC4TION  IH’OfiMATION 


SPECIFICATION 

typt 

r - 

‘cOMPRIs  fVK 
STRENGTH 
MIN  PSI 

.  .  .  4 

lFL#  XL'RAL  'MPACT 

strength  strength 
upf  minimum 

ral  FT  I  P  IN 

TENSILE 
STRENGTH 
MIN  PM 

r  - 

A  IT  UC  A  DONS 

-  j 

MIL  M  19833 

GDI- 30 

20. 000 

13,000  2  75 

4,  500 

DIALLYL  PMTHALATE 

GDI-  30 P 

20  000 

10,000  2  75 

4.  500 

GLASS  MUIR  FILLER. 

T vpr  GDI  3)F  is  flam# 
retardant  D>»  moisture 
absorptinn  Furl  lent 
electrical  properties 

Hltfh  impact  strentfh 

MIL-M  14 

MDC 

18  000 

6  800  *  0  28 

4.000 

DIALl.Y  1  PHTHA  l-ATE 
MINERAL  FILLER  Urn 
thrlnkaite  G*k1  dielec 
trie  properties  Faster 
to  mold  than  (<01  types 

MIL-M- 14 

SDG 

18,000 

8,000  *  0  30 

* 

8.000  0  80 

4  50U 

DIALLYL.  PHTHALATE 

GLAUS  FIBER  FILLER 

Good  moiatuie  resistance 
and  tensile  ilrenrfth 

MIL  M  14 

SDI-5 

18.000 

3  500 

DIALLYL  PHTHA LATE , 

acrylic  unm  fill».:» 

•  Jtind  dielectric  properties 
Rhnnhane  linod 


m<  resistance 

Moderate  imparl  *tren^th 


MIL  M  14 

1 _ 

M  ME 

25  000 

6  000 

4 

200 

MELAMINE  MINERAL 
FILLER  An  and  flame 
resistant  Excellent 
dimensional  stability. 

MIL-M  - 14 

L 

CF!  5 

23  000 

8  000 

0  48 

700 

PHENOUC  :elli  lose 

FILLER  Lrs  cost 

General  p<-  pose 

MIL-M -14 

MFE 

15  000 

h  000 

4 

200 

PHENOLIC  MINERAL. 

FILLER  (a>od  elec¬ 
trical  properties 

MIL-M- 14 

MEG 

15  000  8  000  0  64 

4  500 

PHENOLIC  ASBESTOS 
FILLER  Heal  resistant 

MIL-M  14 

MEN 

15  000  7.000  0  25  4  200 

PHENOLIC.  MINERAL 

FILLER  More  best 
resistance  than  MEG. 

MIL-M  - 14 

GPI-I00 

20.000  15.000 

10  0 

4  500 

PHENOLIC  GLASS  FIBER 
FILLER.  Impact  resistant 
Good  electrical  properties.  , 

MIL  -  M  - 14 

MAI-60 

L  -  J 

18.000  12.000 

l 

6  0 

3.500 

POLYESTER.  GLASS  FIBER 
FILLER.  Impact  resistant. 
Good  dielectric  properties 
and  arc  resistance 

MIL-M- 14 

MSG 

15  000  8  j0 

r>.  25 

2.500 

'  SILICONE.  MINERAL 

FILLER.  Good  dielectric 
properties  Excellent  heat 
resistance. 

MIL-M  14 

I _  _ j 

MSI  -  30 

1 _ 

10000  7, COO 

,  i 

1 _  .J.. 

3  2 

i 

2.000 

!  J 

S1UCONE.  GLASS  FIBER 
FILLER.  Impact  resistant 
and  heat  resistant.  Elec¬ 
trical  properties  Inferior 
to  Type  MSG. 

^Conditioned  48  hours  at  5<J°  "7  plus  96  hours  at  23°C  and  5CT’r  RH. 


TYPtCAl  CAUOUT 


PLASTIC  MOlOtNQ  Pit  WIL-M-U  TYPI  MM 

I _ - _  *  _  _ 
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PIASTICS 


THERMOSETTING  RIGID  ROAM 


SPECIFICATION  INFORMATION 


HRAPlMLi  l  Al  u>l  T  TWKHNM5 

*PM  IMf  AT*)**  ’  m  s4m  '  "  HAS-,1 
AND  TV  PI  LB  C  l  I  T  ISTMrS 

APPLICATIONS 

HMS  I4I1A? 

Tvpe  1? 

; 

4 

4  V* 

10  appm  able 

17 

1% 

TO 

For  foam-in-plare  or  encapsulation  use 
Requires  elevated  temperature  cure  (20(^F 
minimum ’  Maximum  servire  temperature 
is  400*  F  Two  component  mixture. 

Pr-ls  .ifetSane 

HMS 16  I2N? 

T  *pr  HI 

1 

T 

Hoi 

•  AppiojMe 

10 

IN 

For  foam  •  in -plai »  ir  encapsulation  use 

RiKtm  temperature  cure  Maximum  service 
temperature  is  200"F  T»  rnmp  nenl 

T  .kwrrtnane  mixture 

M  Ms  16  l>~ 

Tvp.  r\  ; 

1 

4 

•  Hoi 

A  Appl H  afilr 

10 

17 

1« 

For  loam-in  place  or  encapsulation  use 

Room  temperature  cure  Maximum  service 
temperature  200>>F  Two  component 
mixture 

PmIv  urethane 

HMS  IB  |)|? 

) 

4 

$ 

6  1  A  In  4 

1 

Same  material  as  HMS  16  1287  Type  fl 
except  that  this  material  is  supplied  in 
the  ured  condition  as  sheets  or  blocks 

Pt.iv  urethane 

Mil  4  IN)4* 

'"’I  'j 

(riiutawr  For  use  as  low  density  core  material  for 

aietjle  laminates  Maximum  service  tempera.urr 

Is  325° F  Machinable  using  conventional 

woodworking  tools 

I,, 


Not  necessarv  to  specify  drnsitv  for  MIL  t  18345 


typical  cauout 

PLASTIC  POAM.  HMS  I4-IM7.  TYPE  II.  DENSITY  « 


1 
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The  specificat  ions  tabulated  bekm  cover  requirements  tor  plastic  laminated  materials  masuri^  oi  psaatK 
resms  and  remforcemen*  material  Each  specific  at  ion  for  laminated  material  spec  Mies  a  eepnr««*  ^e*:R 
or  several  similar  resins  The  reams  are  £  lasstfied  as  to  Type  and  Class  depemtu*  cm  various  *r~- •+nm+ 
Pa«es  6-14  thrown  6-16  contain  add  Atonal  data  on  these  resins  The  reinforcement  ma»er*a«  >*her 
glas»  fabric  or  glass  fiber  mala  as  mduated  in  the  table  The  glass  fabrics  are  classified  ir  sees  BMSee 
vam  atre  and  spat  me  The  class  bber  mat  is  U*s:tied  in  types  baaed  on  burner  raster.*,  Sp» 

lor  reinforcement  materials  a»e  covered  on  page  6-17.  Dri« mg  callouts  should  specif*  resar  type 
nd  lass.  » hen  applicable  and  reinforcement  material  desired  Only  rarely  are  either  reams  or  rem- 
menls  »p*  ed  separately  •  Hhout  relereme  to  the  specification  on  the  laminated  material  The 
s«  ion  ol  glass  fabric  reinforcement  requires  careful  judgment  based  on  esper.enre  and  the  assistance 
°f  *  Plastics  Section  o'  the  Materials  Technology  Department  should  be  requested 


SPECIFICATION  TYPE 


FILLER 


DESCRIPTION 


MIL-  P-2542  1 


MIL-M-15617 

MIL-M-15617 


EPOXY  RESIN-GLASS  FIBER 
MAT.  Class  1  -  Non¬ 
electrical.  Class  2  -  Radio 
frequency.  Class  3  -  Radar 
Frequency _ 


Mil  -P-25515 


PHENOLIC  RESIN -GLASS 


FTHLH  MA  .  OR  CLOTH. 

ass  1  -  10  to  SC  pet. 

‘  .ass  2  -  SO  to  300  psi. 


POLYESTER  RESIN  -GLASS 


M1L-M-L411  FIBER  MAI  OR  CLOTH 


in  Radar  frequency  MIL-R-7575.  ORA  CL3 


Heat  resistant  'M1L-R -25042 


POLYESTER  RESIN-GLASS 


or  MIL-M-15617  FIBER  MAI  ORCLOIH 
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R.idie  frequency  Ml L-R -25506  Tvpe  II 
Radar  frequency  j  MIL- R -25506,  Type  HI 
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Resins  and  fillers  are  described  on  the  folio* mg  pages. 
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CELLI  LAR  POLYSTYRENE  Recommended  for 
service  temperatures  from  -100°F  to  ♦IS^F. 
The  higher  density  material  has  higher  compres¬ 
sive  strength. 
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ABSTRACT: 

In  the  final  analysis,  it  is  the  degree  of  excellence  that  the  packaging 
engineer  can  muster  in  the  execution  of  the  equipment  structure,  that  will 
largely  determine  the  operational  suitability  of  the  system.  Most  of  the 
environmental  parameters  are  Influenced  or  mitigated  by  the  equipment 
package  Itself.  If  the  package  sustains  the  equipment  in  the  field,  then 
the  system  is  a  success.  If  the  equipment  1b  unable  to  survive  and  per¬ 
form  as  intended  in  the  field,  then  the  system  is  a  failure,  regardless 
of  the  functional  capabilities  which  have  been  designed  into  it. 

This  chapter  discusses  some  of  the  more  important  decisions  that  the 
designer  must  make  during  the  design  of  the  equipment  package.  These 
topics  include  the  definition  of  the  true  design  criteria,  the  evaluation 
of  the  important  constraints,  the  interaction  of  other  environmental 
stresses,  and  a  discussion  of  the  damage  potential  inherent  in  the 
dynamic  environment. 

Some  procedures  are  outlined  for  dealing  with  Joints  and  interfaces, 
material  compatibility,  configuration,  component  location,  and  other 
design  oriented  packaging  problems. 


VOUME  m 


Chapter  II  -  Packaging  Design  Techniques 

BUttTA  SHEET 


Rage 

ftiragraph 

Line 

Correction 

11.1-9 

2 

6*7 

...  faces  which  permit  ... 

11.1-9 

2 

8 

...  slipping  Joint  * 

11.2-0 

3 

2 

Intersecting 

11.2-2 

4 

6 

compression 

I 


l 


i, 


VOLUME  III  -  CHAPTER  11 
PACKAGING  DESIGN  TECHNIQUES 


CONTENTS 

Section  Page 

1  INTRODUCTION  .  11.1-0 

•  Functional  Requirements  and  Design  Criteria  .  .  11.1-0 

•  Evaluating  Principal  Design  Constraints  ....  11.1-2 

•  Support  Versus  Capture  In  Structural  Design  .  .  11.1-4 

•  Dynamic  Stresses  and  Their  Damage  Potential  .  .  11.1-6 

•  Interacting  Effects  of  Other  Environmental 

Stresses  .  11.1-8 

2  ATTACHMENT  OF  EQUIPMENT  ELEMENTS .  11.2-0 

•  Homogenous  Joining  Techniques  .  11.2-0 

•  Consideration  of  Tension  and  Shear  in  the 

Selection  of  Fasteners  .  11.2-2 

a  Some  More  Design  Tips  on  the  Use  of 

Fasteners  .  11.2-4 

3  IMPORTANT  DESIGN  CONSIDERATIONS .  11.3-0 

•  Designing  for  Material  Compatibility  .  11.3-0 

4  APPHIDIX .  11.4-0 

•  Bibliography  .  11.4-1 


•  Functional  R^airwnU  and  Dcalgs  Criteria 
a  Iraluatlag  Frladpal  Daalgi  Ooastralnts 
a  Support  Tama  Captor*  la  Structural  Dnlp 
a  Interacting  meet*  of  Other  Eawrlrot—  ntal  Straau— 


mnm  m  -  a mrb  n 

Section  1  -  Introduction 

rmmomL  rwcrmbso  a®  dkiok  criteria 


D— ignsrs  are  obliged  to  think  clearly  about  functional  requirements  early  in  the 
equipment  design  phase  and  Identify  the  msaclr^ful  design  criteria, _ 


Functional  requlreaente  are  thoec  operational  and  aalntenance  requlre¬ 
aente  which  arc  loosed  on  the  design  of  the  product  by  the  authorised 
user  or  the  originator  of  the  request  for  the  design.  When  the  equipment 
designer  la  confronted  with  a  specified  functional  requirement,  he  must 
assume  that  It  is  valid,  that  there  hare  been  tradeoff  studies  made,  and 
that  operations  analysis  and  other  techniques  were  used  to  establish  the 
true  operational  and  Maintenance  requirements .  Making  all  ouch  previous 
studies  available  to  the  equipment  designer  usually  helps  him  to  clearly 
identify  the  real  functional  requlrestenta .  It  is  an  Important  factor  of 
effective  design  that  the  real  functional  requirements  of  any  system  be 
reflected  In  Its  individual  components,  equipments,  and  subsystems. 
Ultimately,  this  integration  ought  to  extend  into  the  vehicle,  or  tactical 
assembly  of  vehicles,  and  on  up  through  the  Army's  coosmmd  hierarchy.  An 
equipment  which  is  not  responsive  to  the  real  functional  requirements 
cannot  be  considered  a  good  design,  no  matter  what  other  redeeming  fea¬ 
tures  It  nay  possess.  Designers  are  obliged  to  think  clearly  about  the 
functional  requirements,  to  assesii  as  accurately  aa  possible  the  opera¬ 
tional  environment  In  which  the  equipment  la  to  be  used,  then  set  out  to 
design  equipment  which  la,  first  of  all,  producible,  and  which  Is  func¬ 
tionally  capable  and  serviceable.  Designers  must  Insure  that  the  equip¬ 
ment  can  be  installed  by  people  who  are  going  to  be  available  in  the 
operating  environment  to  Install  it;  that  it  can  be  operated  within  the 
skill  level  of  people  who  will  be  assigned  to  operate  the  equipment  In 
the  field;  and  that  maintenance,  fault  isolation,  troubleshooting,  and 
other  functions  which  are  subordinate  to  the  operating  mode  can  be  re¬ 
formed  in  the  removal,  refurbishing,  restoration,  re  installation,  and  a 
host  of  other  constraints.  These  are  some  of  the  real  functional 
requirements  which  must  constitute  the  body  of  criteria  used  to  Judge  or 
trade  off  one  deelgn  far  another. 

There  la  a  logical  connection  between  functional  requirements  ard  design 
criteria.  Functional  requirements  come  to  the  design  area  either  In  a 
statement  of  work,  In  operating  requirements,  or  In  a  procurement  speci¬ 
fication.  A  variety  of  descriptors  are  used  to  identify  what  the 
originator  baa  In  mind  when  he  talks  about  the  product  he  wants  designed. 
These  we  Identify  as  a  statement  of  functional  requirement.  For  eacl 
fu  jctlonal  requirement  there  logically  follows  a  specific  criteria  against 
which  the  excellence  of  the  design  will  have  tc  be  Judged.  That  Is,  for 
every  functional  requirement,  there  is  a  quantified  or  measurable  criteria 
against  which  the  design  must  be  measured  to  see  If  it  satisfies  that 
requirement.  The  other  design  criteria  are  standards  of  measure  used  to 
evaluate  how  closely  the  designer  has  come  to  satisfying  the  requirement. 

The  first  responsibility  of  the  designer  is  to  sift  out  the  real  require¬ 
ments.  These  must  be  identified  by  the  designer  before  he  begins  the 
task  of  meche  deal,  system,  or  equipment  design.  One  way  he  can  do  this 
Is  to  make  a  serious  study  of  extracting  functional  requirements  from  the 
formal  document  UwLLty  this  document  comes  to  him  in  the  form  of  a 
specification  c octal-  eg  same  quantitative  information  and  some  informa¬ 
tion  which  is  not  q*mr,tltative .  If  It  could  all  be  quantified  lc  the 
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beginning,  it  would  simplify  the  task  for  everyone.  Instead,  the  speci¬ 
fication  must  be  researched  and  reasoned  out  and  a  careful  analysis  made 
of  the  requirements.  Functional  requirements  usually  have  to  be  derived 
since  they  are  sometimes  not  plainly  stated  in  the  customer's  outline  of 
design  tasks.  Ae  these  requirements  become  more  identifiable,  a  point  is 
approached  where  specifics  can  be  assigned;  a  quantity  is  derived  and 
numerical  values  can  now  be  assigned  to  these  requirements.  From  this 
point,  the  designer  who  proceeds  without  checking  back  to  see  that  these 
requirements  are,  in  fact,  what  the  customer  had  in  mind,  may  send  him¬ 
self  into  a  long  and  fruitless  work  cycle.  Hie  earlier  the  specific 
information  can  be  derived,  the  less  the  chances  of  wasted  motion  due  to 
misinterpretation  of  the  reel  requirements. 


DESIGN  CRITERIA:  Functional  requirements  may  be  quantified  as  measure- 
able  standards  upon  which  the  system  design  excellence  will  be  Judged; 
these  are  the  real  design  criteria. 
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EVALUATING  PRINCIPAL  DESIGN  CONSTRAINTS 


The  designer  must  carefully  consider  the  environment  in  which  the  equipment  1b  going 


to  be  used  and  avoid  the  use  of  costly  and  useless  design  cliches. 


Design  constraints  are  an  extension  of  the  functional  criteria  which 
Identify  and  describe  the  functional  requirement  for  which  the  machine, 
equipment,  or  system  is  to  be  responsive.  Primarily,  the  equipment  must 
be  capable  of  being  produced.  That  is,  processes,  tooling,  sequencer  of 
operation,  etc.,  required  to  assemble  a  particular  Item  must  be  within 
the  realm  of  feasibility  and,  more  specifically,  within  the  capability  of 
the  particular  organization  that  will  produce  the  equipment. 

Transportability  might  be  Included  as  one  of  the  constraints  described  In 
the  design  specification.  Hie  introduction  of  transportability,  porta¬ 
bility,  modularity,  etc.,  in  order  that  the  equipment  rray  be  moved  In 
sections  less  than  Its  whole,  generally  results  in  an  increase  In  cost. 

Anything  that  can  be  done  to  reduce  the  number  of  pieces  into  which  an 
equipment  must  be  broken  to  be  transported  will  directly  affect  the  cost. 

Installation  procedures,  installation  sequences,  tools,  and  requirements 
for  the  accessibility  of  the  equipment  while  It  is  being  Installed  are 
all  to  be  taken  Into  serious  consideration  when  designing  a  system.  The 
problem  of  accessibility  brings  with  it  a  tendency  toward  the  arbitrary 
use  of  familial'  design  cliches.  Often,  maintenance  access  is  conceived 
as  drawers  on  slides,  when  fixed  panels,  roll-up  screens,  doors,  or  any 
number  of  other  configurations  might  be  more  appropriate  than  the  conven-  -  * 

tlonal  drawer  and  slide.  Frequently  we  find  that  equipment  with  a 
designed-in  ease  of  maintenance  which  costs  the  designer  additional  time 
to  create,  increased  manufacturing  costs  and,  although  exquisite  and 
ingenious,  cannot  be  identif  ied  as  being  responsive  to  any  functional 
maintenance  requirement.  In  many  cases,  military  electronic  equipment 
mounted  in  a  slide  device  would  rapidly  deteriorate  from  continuous 
exposure  to  the  normal  operating  environment.  The  designer  must,  there¬ 
fore,  know  what  kind  of  environment  the  equipment  is  going  to  be  used  In 
and  what  degree  of  maintenance  is  expected  while  in  that  environment. 

Every  time  that  access  is  provided  to  the  Inside  of  a  machine,  the  reli¬ 
ability  of  that  machine  Is  necessarily  degraded.  Almost  without  exception, 
the  opening  of  an  equipment  to  provide  maintenance  access  significantly 
compromises  the  structural  continuity,  the  internal  cooling  capability, 
the  air  contaminant  protection  system,  the  RFI  shield,  and  the  personnel 
shock  hazard.  Therefore,  before  the  designer  starts  to  consider  how  he 
is  going  to  provide  access  for  maintenance,  he  should  determine  whether 
that  maintenance  nust  be  performed  In  the  particular  environment  in  which 
the  equipment  will  be  operated.  Also,  tradeoff  studies  should  be  made 
in  each  system  to  determine  the  point  at  which  it  Is  no  longer  feasible 
to  sake  field  repairs.  Maintenance  philosophy  thus  will  materially 
affect  the  structural  design  of  the  equipment. 


*  w. 
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AVOIDABLE  DESIGN  CLICHES.  .  .  . 

• 

Unnecessary  access  provisions 

• 

Unnoeded  field  maintenance  provisions 

• 

Unused  modularity 

• 

Oversimplification  of  operational  procedures 

• 

Features  that  do  not  satisfy  the  real 
design  criteria 

OFTE^  LEAD  TO  INCREASED  .... 

• 

Design  time 

• 

Lubrication  complexity 

• 

Overall  system  cost 

• 

Weight  and  bulk 

• 

Failure  rate  from  environmental  intrusion 

DESIGN  CLICHES:  An  early  assessment 
and  design  criteria  will  result  in  a 
to  the  excJusion  of  avoidable  design 


of  the  real  functional  needs 
more  efficient  system  concept, 
cliches. 
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SUPPORT  VERSUS  CAPTURE  IN  STRUCTURAL  DESIGN 


Environmental  stresses  are  usually  omnidirectional,  and  usually  transfer  through 
equipment  from  any  quadrant.  The  designer  is  more  concerned  with  "capture1  than 
"support"  in  deriving  a  structural  geometry. _ 


The  use  of  the  word  "support"  in  structural  design  denotes  a  limited 
design  approach.  Hie  word  "capture"  much  more  appropriately  describes 
the  task  to  be  accomplished  in  tying  together  equipment  components  and 
assemblies.  The  equipment  we  are  faced  with  designing  will  eventually 
find  itself  in  a  rough-and-tumble  world,  where  environmental  stress  may 
emerge  from  virtually  any  quadrant. 

Hie  military  equipment  designer  is  concerned  with  grasping  each  individual 
comporent,  part,  or  subassembly  in  such  a  way  as  to  ensure  that,  no  matter 
from  what  direction  dynamic  stresses  might  be  applied,  he  has  provided  a 
sufficient  means  of  tie-down.  Hie  integrity  of  the  tie-down,  or  capture, 
of  components  and  assemblies  is  probably  as  important  as  any  single  fac¬ 
tor  in  the  survival  of  equipment  in  shock  and  vibration  environments. 

Hie  consideration  of  removal  for  maintenance  or  replacement  is  of  almost 
equal  importance  in  capturing  individual  parts  or  subassemblies.  For 
example,  il  a  part  is  not  destined  for  replacement  in  the  field,  it  is 
unnecessary  to  provide  a  quick  disconnect,  or  easy  removal  meanB  of  tying 
it  down.  Hierefore,  the  maintenance  level  functional  requirement  must  be 
identified.  Hie  complexity  and  vulnerability  of  devices  which  permit  easy 
removal  should  be  avoided  wherever  they  are  not  required  to  satisfy  spe¬ 
cific  functional  requirements.  Uiere  are  basic  geometric  forms  which  are 
somewhat  more  stable  in  dynamic  loads  than  others.  For  instance,  the 
sphere,  which  is  an  extremely  economical  way  to  contain  space,  offers  a 
maximum  strength  for  minimum  material,  but  iB  not  suitable  for  externally 
applied  single  point-load  application.  It  iB  unstable  when  supported  by 
a  single  plane  or  the  intersection  of  two  planes.  By  definition,  a  force 
which  goes  anywhere  other  than  normal  to  the  plane  of  Eupport  will  tend 
to  ca  ise  the  sphere  to  roll.  It  takes  at  least  a  three-point  support  to 
captuie  a  sphere. 

Contrasting  the  sphere  with  a  tetrahedron,  there  are  four  equilateral 
triangles  comprising  the  sides;  the  simplest  enclosure  of  space,  using 
flat  planes.  Within  the  angle  of  the  sides,  a  highly  stable  configura¬ 
tion  is  obtained,  where  loads  applied  at  any  apex  of  the  triangle  will  be 
•transmitted  as  column  loads  through  the  intersection  of  the  opposing 
faces.  If  the  structure  were  configured  with  struts,  wires,  or  columns, 
a  load  applied  at  any  one  of  the  apexes  would  follow  a  compressive  path 
to  the  opposite  force  applied  by  the  face  or  base  of  the  tetrahedron. 

A  cylinder  is  a  form  of  cone  when  we  look  at  it  in  terms  of  its  inherent 
stability.  Hie  cone  should  possibly  be  looked  at  first.  From  the  stand¬ 
point  of  apex  loading,  the  cone  is  similar  to  the  tetrahedron  with  the 
exception  that  the  base  is  circular  instead  of  triangular.  Loads  applied 
at  the  apex  find  a  resistive  path  through  the  surface  of  the  cone  for 
load  analysis.  A  cylinder  is  essentially  two  inverted  cones.  Loads 
applied  at  the  top  of  the  cylinder  must  be  within  the  same  conical  dis¬ 
placement  or  orientation  as  the  base  of  the  cone  inverted. 
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The  cube,  or  the  rectangular  solid,  ie  made  from  Intersecting  parallel 
planes.  It  is  a  higily  unstable  device,  with  load  applications  from 
almost  any  direction.  Ihe  tendency  to  parallelogram,  to  skew,  rotate,  or 
shear,  are  always  present  in  the  rectangular  form.  Consequently,  some 
basic  things  must  be  done  to  the  popular  rectangular  form  to  stiffen  it. 
The  first  thing  that  1b  usually  done  is  to  gusset  the  corners,  super¬ 
imposing  on  the  corners  the  kind  cf  stability  that  is  characteristic  of 
the  tetrahedron.  Individual  equipments  will  not  likely  ever  be  packaged 
in  the  tetrahedron,  but  a  series  of  interlocking,  or  nesting,  pyramid  or 
tetrahedron  shapes  need  not  sacrifice  any  space. 

Structural  shapes  and  sections  which  provide  stiffness,  strength,  and 
lightness,  use  box  or  tubular  sections  for  beams  and  columns,  ribbed 
panels  and  edge-flanging  for  flat  plates,  edge- flanging  for  listening- 
holes,  gussets  and  brackets  for  end  connections  of  bear  s  and  columns,  and 
stiffeners  for  large  load-supporting  plates  or  surfaces. 


WHY  CAPTURE?  The  real  world  in  which  an  Army  equipment  system  must 
operate  is  a  complex  of  omnidirectional  stresses  which  combine  in 
unpredictable  patterns.  Further,  these  stress  patterns  are  almost 
always  oriented  in  unconventional  ways. 
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DYNAMIC  STRESSES  AND  THEIR  DAMAGE  POTENTIAL 


It  Is  apparent  that  some  dynamic  stresses  are  omnidirectional;  some  we  repetitive, 
and  some  are  constant  and  predictable  in  direction.  Their  damage  potential  comes  in 
the  form  of  eventual  failure  from  fatigue,  excessive  stress  of  supporting  structures, 
and  excessive  deflection  of  parts, _ 


Shock,  as  an  example,  is  an  unscheduled,  omnidirectional  dynamic  stress 
which  generally  enters  the  equipment  through  whatever  face  of  the  structure 
is  attached  to  the  next  assembly.  For  example,  a  box  sitting  in  a  truck 
is  exposed  to  shock  through  its  base.  However,  if  not  paper ly  secured, 
the  box  may  experience  subsequent  shocks  from  virtually  every  direction  aB 
it  bounces  and  collides  with  other  equipment.  Equipment  mounted  to  the 
bulkhead  of  an  equipment  shelter  will  experience  *\o<  k  forces  from  any 
direction  when  it  is  airdropped  from  an  airplane  :•  sell  copier. 

Conversely,  vibration  is  usually  imparted  to  a  system  or  equipment  in  the 
direction  permitted  by  the  attachment  of  the  item  to  the  next  assembly. 

The  excitation  axis  may  be  anticipated  or  limited,  but  general  ly  it  can 
be  predicted  as  relating  to  one  of  the  conventional  faces  of  the  equip¬ 
ment.  THls  means  that  vibration  resistance  in  a  design  may  not  necessar¬ 
ily  be  an  omnidirectional  resistance.  Resistance  to  vibration  implies  the 
use  of  one  of  two  basic  techniques  for  isolating  or  protecting  an  object 
from  the  raw  environment;  adequately  isolating  the  fragile  equipment,  or 
adequately  securing  it  to  the  forcing  structure.  The  same  rules  imply 
specifically  that  an  isolation  system  designed  to  separate  a  fragile 
equipment,  subassembly,  or  component  from  the  vibration  stresses  in  the 
dynamic  environment,  must  be  capable  of  providing  adequate  separation  or 
isolation  from  all  anticipated  frequencies,  in  all  directions  from  which 
the  stress  may  be  applied.  We  have  frequently  observed  conditions  where 
an  equipment  is  to  be  base-mounted,  and  the  laboratory  simulated  environ¬ 
ment  is  constrained  to  the  three  principle  axes:  vertical,  horizontal, 
and  front-to-back.  It  is  quite  possible  to  satisfy  these  three  specific 
situations  successfully  and  fail  to  solve  the  real  problem  of  actual  fre¬ 
quencies  or  amplitudes  of  vibration  which  may  be  present  in  vectors  other 
than  the  three  principle  axes. 

In  an  electronic  assembly  made  up  of  a  combination  of  individual  masses, 
each  of  these  masses  may  have  one  or  more  natural  frequencies.  If  these 
frequencies  are  within  the  range  of  frequencies  imposed  by  the  dynamic 
environment,  the  various  individual  components  will  resonate  at  various 
points  within  this  range  of  excitation.  Failure  may  occur  through  fatigue, 
excessive  single  stress,  or  excessive  deflection  of  parts. 

Although  fatigue  failure  results  from  a  large  number  of  stress  cycles,  the 
time  required  for  these  stress  to  accumulate  is  short  when  a  component  is 
vibrating  at  hundreds  of  cycles  per  second. 

Excessive  single  stress  may  cause  brackets  or  other  supporting  structures 
to  yield  or  fracture. 

Excessive  deflections  of  parts  may  result  in  their  hitting  one  another  with 
resultantly  high  impacts. 
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TRUE  SERVICE  STRESS:  The  designer  must  evaluate  the  operational 
requirements  of  the  equipment  systems  and  be  aware  of  the  potential 
differences  with  the  i^uality  Assurance  Tests. 


VOLUME  III  -  CHAPTER  U 
Section  1  -  Introduction 


IRTKRACTIIC  H7BCTS  OF  OTHER  ERVIROfMERIAL  STRESSES  - 

u 

The  combined  effect*  of  temperature,  corrosion,  and  dynamic  stresses  upon  a 
structural  Interface  should  be  considered  if  the  part  must  function  in  a  combination 
of  eprlronments. _ 


Considerations  for  RFI  and  EMI  are  complex  when  a  combination  of  environ¬ 
mental  stresses  are  applied  simultaneously  upon  opposing  faces  of  a 
structural  connection  which  must  be  held  In  fixed  positions  throughout 
all  the  dynamic  environments.  If  the  connection  Is  one  which  permits  even 
limited  motion  between  the  two  opposing  faces,  the  gasketing  Interference, 
labyrinths,  or  whatever  might  be  used  to  secure  an  RFI  closure,  may  fall 
to  provide  that  closure  during  shock  or  vibration  excitation.  It  Is  also 
possible  that  the  effective  closure  will  progressively  degrade,  as  motion 
between  the  two  faces  Is  permitted  to  continue.  In  effect,  we  have  a 
successful  RFI  shield  during  the  early  period  of  the  equipment's  exist¬ 
ence,  but  after  prolonged  exposure  to  an  environment  which  causes  the 
two  opposing  faces  to  work  with  respect  to  one  another,  the  RFI  shield 
may  ultimately  have  no  shielding  effectiveness. 

Heat  Is  Identified  as  one  of  those  conditions  which  is  frequently  assumed 
to  be  passed  through  a  structural  interface.  Whether  this  can  be  done  by 
conduction,  or  whether  It  must  be  done  by  radiating  from  one  surface  to 
the  other,  makes  a  substantial  difference  In  the  effective  heat  path.  A 
structural  Interface  usually  presents  a  barrier  to  the  passage  of  heat, 
regardless  of  the  condition,  roughness,  color,  or  material  of  the  two 
opposing  surfaces.  Some  heat  will  pass  by  conductive  means  from  one  sur¬ 
face  to  the  other  where  close  contact  is  maintained.  In  the  case  of 
components  specifically  intended  to  transfer  heat  into  the  next  assembly, 
this  close  fit  Is  imperative.  Often  this  is  not  a  true  conductive  path 
because  a  significant  air  space  Is  permitted  between  the  faces.  It  Is 
essentially  a  radiator  and  an  absorber  looking  at  one  another  over  a 
short  distance;  the  distance  Is  significant.  Convection  currents  may 
became  a  factor  In  transferring  heat  over  structural  interruptions  which 
have  substantial  air  gaps. 

Corrosion  is  another  of  the  environmental  stresses  we  must  be  aware  of 
when  we  encounter  a  structural  Interface  in  our  design.  Specifically, 
the  two  opposing  faces  which  are  not  In  complete  physical  contact  with 
each  other,  create  atmospheric  eddies,  and  consequently  do  not  breathe 
normally.  Any  cavity  which  Is  large  enough  to  permit  sweating  or  the 
collection  of  condensing  moisture,  but  is  not  large  enough  to  admit 
normal  air  currents,  presents  this  problem.  Any  component  or  part  which, 
because  of  Its  orientation  with  respect  to  the  rest  of  the  equipment  may 
not  have  the  opportunity  to  breathe  and  periodically  get  drying  air  cir¬ 
culating  over  all  of  its  faces.  Is  similarly  vulverable.  These  conditions 
are  always  potential  degradations  to  the  RE' I  barrier  between  the  two  parts 
or  surfaces,  since  the  corrosive  oxides  are  generally  electrical  insula¬ 
tors  rather  than  conductors.  Cavities,  unfortunately,  are  often  located 
In  areas  where  either  externally  or  Internally  condensed  moisture  flows 
to  and  collects.  Entrapment b,  therefore,  degrade  the  RFI  integrity. 
Interfere  with  the  passage  of  heat,  and  tend  to  make  the  structural 
material  vulnerable  to  corrosive  action.  There  are  numerous  preservation 
techniques  which  may  Inhibit  the  corrosive  action  of  entrapped  moisture, 
but  most  of  these  also  interfere  with  the  passage  of  electrical  current 
and  heat.  One,  for  example,  Is  the  use  of  hard  anodizing  to  obtain  a 
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high  corrosion  resistance  in  an  aluminum  alloy  which  may  be  exposed  to  a 
cavity  or  an  entrapment.  The  hard  anodize,  however,  is  an  excellent 
corrosive  inhibitor,  but  an  almost  perfect  insulator  with  respect  to  both 
heat  and  RFI. 

Usually,  those  materials  which  are  good  conductors  of  electrical  current 
generally  are  prone  to  corrosive  action.  Paint  treatments,  coating, 
plating  treatments,  and  the  selection  of  basic  materials  all  are  of  sub* 
st&ntlal  concern  in  the  design  of  a  structural  interface,  where  we  intend 
to  have  a  continuous  path  to  make  an  RFI  shield  or  a  continuous  path 
through  which  to  pass  heat  to  a  sink.  Two  opposing  faces  which  are  per¬ 
mitted  limited  movement  with  respect  to  one  another  will  periodically 
wipe  or  clean  the  corrosion  products.  The  design  of  a  slopping  Joint 
which  permits  the  motion  between  two  parts  to  keep  insulating  oxides  from 
developing,  is  probably  not  Justified  to  improve  the  RFI  shielding.  The 
fact  remains  that  a  continuous  mechanical  scraping  of  one  surface  against 
the  other  tends  to  keep  the  surfaces  conductive  for  RFI  purpose  and  gen¬ 
erally  tends  to  prevent  the  formation  of  more  than  superficial  corrosion. 


SYSTEMS  APPROACH  TO  DYNAMIC  INTEGRITY:  The  integrity  of  a  structural 
interface  Is  dependent  upon  its  ability  to  withstand  the  combination 
of  all  the  environmental  stresses.  The  design  must  reflect  this  com¬ 
bination  of  other,  less  apparent,  factors. 
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Section  2  -  Attacteect  of  Equipment  Elements 


Structural  Interface*  aqr  be  Joined  by  e  variety  of  hcmofjeixxjs  joining  techniques. 
If  the  Interfaces  are  to  be  Joined  permanently,  voiding  Is  the  technique  which 
produces  the  feweet  shoe!  and  vibration  problems. _ 


Increasing  the  friction  between  eating  parts  Is  one  ass ns  of  preventing 
their  aoveaent.  An  adhesive  between  two  parts  will  Increase  the  shear 
resistance  across  the  Interface,  with  the  thin  membrane  sticky  surfaces 
acting  as  a  shear-lapartlng  connection  between  the  two  Joined  pieces.  It 
need  not  be  a  glue  or  a  pressure-sensitive,  sticky  surface;  aerely  tex¬ 
turing  the  surfaces  or  Interposing  s  high  friction  nsterlal,  such  as  s 
rubber  blanket,  or  even  a  double-sided  piece  of  sandpaper -like  Material, 
will  supply  the  required  shear  resistance  up  to  and  slightly  beyond  the 
point  where  notion  between  the  two  perts  could  be  Induced  by  envlronaental 


The  extremely  smooth,  polished,  flat  surface  Is  another  excellent  high 
static  friction  source,  Hy  word  of  caution.  It  should  be  emphasized  that 
any  kind  of  friction  mterlal  which  is  actually  permitted  to  move.  Intro¬ 
duces  a  rapidly  deteriorating  Joint,  In  that  each  subsequent  motion  tends 
to  grind  Itself  Into  s  sltustlon  vhere  It  will  move  easier  next  time  and 
progrsaalvaly  destroy  the  shear  capability  entirely.  However,  within  or 
beneath  the  limits  at  the  force  that  It  takes  to  move  a  particular  con¬ 
figuration  at  high  friction  surfaces,  this  would  be  considered  a  success¬ 
ful  shear  Interface  iaal#..  Otoe  of  the  chief  reasons  for  considering 
this  technique  Is  scomtns  . 

Point-loading  at  parts,  vhsnswsr  possible,  ought  to  be  avoided.  Weldments 
of  Intersection  plw-s  or  parts  offer  a  acre  appropriate  approach  to  a 
hnmogsnoim  (or  aarr  than  point  contact)  method  of  Joining  two  or  aore 
pieces  la  a  etroruval  entity.  Here,  a&Lln,  the  weld  should  be  regarded 
as  s  nsthod  at  getting  two  or  more  parts  In  shear.  In  the  tension  node, 
the  beat  vela  will  be  most  vulnerable  to  fracture  and  failure.  In  such 
techniques  as  weldments,  the  placing  of  components  and  the  configuration 
of  the  structure  should  be  such  that  the  components  of  the  structure  end 
^  In  shear  across  their  interfaces. 

Otises  concentrations  In  weldments  can  be  avoided  by  Kklng  full -depth 
welds  and  by  ensuring  good  fusion  at  the  bottom  of  the  weld.  Short, 
Intermittent  welds  are  undesirable.  Welded  Joint  strengths  can  also  be 
Increased  by  heat  treatment  to  relieve  any  residual  stresses.  Spotvelds 
should  be  avoided.  Spotveld  damage  la  aggravated  by  the  fact  that  a  high 
stress  concentration  exists  In  the  Junction  between  the  two  bonded  aate- 
rlals  and,  under  repeated  loadings,  this  Increases  the  possibility  of 


A  truly  homogenous  Joint  is  available  in  dip  brazing,  atmospheric 
soldering,  or  Impact  fusion.  It  la  possible  with  these  techniques,  to 
obtain  a  tension  characteristic  across  the  Joining  of  two  pieces  vhlch  Is 
equivalent  to  the  parent  aaterlal  strength. 


I 
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FATIGUE  STRENGTH  COMPARISONS 
OF  STAINLESS  STEEL  VELDsU) 


Cycles  of  Stress  to  Failure  — 


JOIOTS  AND  INTERFACES:  Joints  always  cause  an  increase  in  weight  and 
manufacturing  complexity  due  to  the  extra  layer  of  base  material. 

Welding  la  probably  the  best  compromise  method  for  unavoidable  interface. 


11.2-1 


VOLUME  III  -  CHAPTER  11 

Section  2  -  Attachment  of  Equipment  Elements 

CONSIDERATION  OF  TENSION  AND  SHEAR  IN  THE  SELECTION  OF  FASTENERS 


The  limitations  of  homogenous  Joining  techniques  across  an  interface  necessitate  the 
use  of  other  Joining  devices.  In  selecting  these  devices,  the  designer  must  consider 
their  application  with  regard  to  modes  of  stress  to  be  encountered;  namely,  tension 
and  shear. _ _ _ 


Devices  that  create  a  homogenous  or  continuous  material  bond,  such  as 
glues,  laminations,  velds,  dip  brazes,  etc.,  are  most  desirable  as  an 
interface  Joining  technique.  These  devices  usually  obviate  the  require¬ 
ment  to  do  something  special  across  the  interface  to  obtain  an  RFI  shield 
or  establish  a  good  heat  transfer  path,  as  well  as  limit  excursion  or 
motion  between  the  two  faces.  Although  connections  of  this  type  are  more 
able  to  resist  omnidirectional  stresses  and  strains,  there  are  other 
devices  which  must  be  used  when  the  homogenous  techniques  cannot  be 
applied.  These  are  separated  in  terms  of  whether  they  are  a  tension  or 
a  shear  device. 

A  shear  device,  such  as  a  pin  in  a  bushing,  can  be  used  to  load  one  part 
with  respect  to  another  in  a  direction  normal  to  the  major  axis  of  the 
pin.  The  effectiveness  of  a  shear  pin  and  bushing  combination  as  a 
Joining  device  is  largely  a  function  of  two  things:  (l)  the  diameter  of 
the  pin  with  respect  to  the  kinds  of  materials  involved  in  both  inter¬ 
facing  parts  and  the  pin,  and  (2)  the  amount  of  tolerance  or  clearance 
allowed  between  the  maximum  diameter  of  the  pin  and  the  minimum  diameter 
of  the  corresponding  bushings  or  holes  in  the  mating  parts.  In  military 
electronic  equipment,  high  strength  shear  pins  of  reasonably  small 
diameter  (l/V'  and  3/8")  are  used  for  Joining  two  pieces  of  aluminum. 
Shear  devices  should  only  be  considered  where  the  parts  will  be  permanently 
attached.  There  should  be  a  high  pre-load  in  the  directions  in  which  the 
loads  can  be  applied  dynamically  in  the  plane  perpendicular  to  the  major 
axis  of  the  pin.  Therefore,  an  undersize  hole  or  an  oversize  pin,  or 
both,  are  needed.  The  use  of  dry  ice  to  reduce  the  diameter  of  the  pin 
to  minimum,  a ad  then  a  drive  or  press  fit  into  the  two  opposing  parts 
accomplishes  the  kind  of  extreme  pre-load  that  is  necessary.  The  force 
to  be  transmitted  across  a  pin  and  bushing  combination  in  shear  is  not 
added  to  the  Internal  forces  exerted  by  the  pin  and  the  bushing. 

One  good  way  to  provide  high  expanding  force  in  the  pin  or  radially  com¬ 
pressive  farce  on  the  bushings  is  to  provide  a  Collet-type  system.  In 
these  devices,  the  pin  tends  to  fully  engage  the  hole  in  the  bushing. 
Examples  are  the  split  or  expanding  bushings  comoonly  found  in  the  chucks 
of  power  tools. 

Another  technique  which  can  be  used  alone  or  in  connection  with  split 
devices  is  a  lead  angle,  or  taper,  on  the  pins.  This  requires  a  compres¬ 
sing  force  which  tends  to  drive  the  pin  continually  into  the  corresponding 
tapered  cone  of  the  bushing.  This  has  at  least  one  unique  advantage  over 
cylindrical  forms.  No  matter  how  well  pinned  the  cylindrical  form,  the 
conical  form  can  be  arranged  so  that  the  application  of  compressive  exter¬ 
nal  to  the  pin  permits  periodic  or  continuous  retigfatening  or  resetting. 

It  is  cannon  to  apply  a  continuous  spring  force  which  is  sufficient  to 
keep  the  pin  fully  engaged  in  the  cone  through  all  of  the  limits  of  shock 
atxl  vibration  that  the  equipment  might  be  subjected  to.  A  cylinder  is 
essentially  capable  of  being  a  shear  device  in  any  direction  in  the  one 
plane  which  is  normal  to  its  major  axis.  Tapered  pins  can  be  configured 
so  that  they  tend  to  be  gripped  or  seized  by  the  receiving  bushing. 
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Tension  devices  should  be  limited  to  the  tension  mode;  specifically!  a 
bolt  should  not  be  used  in  shear  unless  it  is  a  shear  bolt.  The  stripper 

type  bolt  or  the  shear  bolt,  has  a  cylindrical  body  which  ic  not  threaded. 
This  shear  body  will  provide  a  tight  fit  as  well  as  a  tension  path  over 
the  shear  length.  The  application  of  shear  forces  over  threads  loaded  in 
tension  creates  a  situation  which  probably  causes  most  bolt  failures. 


A  bolt  is  essentially  a  tension  device,  while  a  rivet  is  essentially  a 
shear  device.  The  bolt  can  be  retorqued;  normally  rivets  cannot  be  con¬ 
veniently  reset.  So  long  as  a  shear  load  is  imparted  across  the  rivet  up 
to  the  limits  of  the  material,  there  exists  a  best  case  positive  connec¬ 
tive  Joint;  the  upset  rivet  having  swelled  outward  to  fill  the  cavity  of 
the  hole  in  the  two  Joined  parts.  The  bolt,  however,  does  not  evell.  In 
fact,  a  bolt  contracts  slightly  as  the  tension  forces  approach  the  elastic 
limit.  The  bolt  will  remain  secure  in  tension  so  long  as  it  does  not 
encounter  a  shearing  force.  A  bolt  torqued  well  below  its  maximum  limit 
may  fail  with  the  addition  of  very  minor  sheering  forces  applied  across 
the  bolt.  The  sheering  forces  impart  very  high  tension  forces  at  the 
point  of  the  application  of  the  shear  force.  The  use  of  spring-loaded 
locking  devices  usually  work  to  compromise  the  tension  imparting  char¬ 
acteristics  of  a  bolt. 


I 

Tension 

Load 

(kips) 


SHEAR-TENSION  INTERACTION:  The  necessity  for  combined  shear  and  tension 
in  a  fastener  must  be  carefully  evaluated  for  the  stress  interaction. 
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Section  2  -  Attachment  of  Equipment  Elements 
SCME  MORE  DESIGN  TIPS  ON  THE  ICE  OF  FASTENERS 


Faetenere  offer  the  designer  a  wide  variety  of  mechanical  alternatives.  Proper 
attention  to  the  details  of  their  applications  will  add  to  their  effectiveness. 


The  designer  should  be  concerned  with  the  possible  replacement  necessity 
of  the  Joint.  Some  fasteners,  such  as  rivets,  must  be  destroyed  In  order 
to  be  removed.  If  Joint  takedown  Is  required,  this  must  be  taken  Into 
consideration  when  selecting  the  type  of  fastener. 

Rivets  are  Ideal  for  multiple  fastener  Joints  where  close  hole  tolerances 
are  Impractical.  The  filling  tendency  of  the  rivet  when  It  Is  bucked  Is 
beneficial  In  spreading  the  service  load  among  all  the  fasteners.  A 
profusion  of  snail  fasteners  has  better  strength  potential  than  one  large 
fastener,  particularly  in  thin  sheet  material.  Mechanical  fasteners 
presently  available  offer  virtually  an  infinite  number  of  types,  sizes, 
and  characteristics  to  match  the  wide  range  of  design  requirements.  Some 
more  items  to  consider  when  selecting  a  fastener  are: 

1.  corrosive  condition 

2 .  elevated  temperatures 

3.  weight 

4.  type  of  load 

5.  magnetic  or  non-magnetic 

6.  high  vibrations  or  cyclic  load 

7.  heat  or  electrical  conductivity 
0.  cost 

9.  removability 

Some  features  that  should  be  considered  in  the  design  of  a  Joint  are: 

1.  The  strength  of  the  fastener  should  balance  the  strength  of  the 
Joining  members. 

2.  Locking  devices  should  be  used,  e.g.  lockwire,  self-locking 
screws,  self -locking  nuts,  and  locking  inserts. 

3.  There  is  a  large  variation  in  the  torque-load  relations  when 
using  torque  values  to  gauge  the  fastener  preload. 

4.  Consider  preload  when  determining  the  capacity  of  the  fastener. 

5.  During  installation,  the  torque  load  and  induced  tension  load 
should  not  produce  yielding.  Care  should  be  exercised  in  using 
the  thread  root  area  rather  than  the  shank  area. 

For  retaining  at  least  partial  effectiveness  when  a  bolt  is  elongated  by 
shock,  the  use  of  a  split-ring  washer  is  recommended.  If  the  backing-off 
of  the  bolt  is  to  be  prevented,  then  a  star,  or  tooth,  type  washer  vould 
be  more  appropriate.  Since  the  teeth  usually  cut  through  anodic  and  other 
insulating  coatings,  they  are  also  used  when  good  electrical  contact  is 
required. 

A  preferred  method  for  holding  a  screw  or  bolt  and  nut  secure  is  by  means 
of  a  locknut.  The  locknut  develops  friction  between  the  bolt  threads  and 
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the  nut.  In  preventing  loosening  of  bolts  under  vibration  stresses,  lock¬ 
nuts  are  quite  effective.  Under  shock  stresses, they  maintain  Joint  tight¬ 
ness  and  are  not  easily  damaged. 

Failure  to  provide  the  necessary  Joint  tightness  may  be  due  to  insufficient 
tightening  of  the  fastener  and  locking  device.  To  avoid  this,  specifying 
the  use  of  a  torque  wrench  or  pre-load  indicating  washer  is  recommended  for 
proper  application  of  the  specified  torque. 


FASTENER  HEAD  STYLES 

COMMON  NUT  STYLES 

•  Binding  -  Undercut  binds  and  eliminates  fraying 

•  Hex  Jam 

of  wire  in  electrical  work. 

•  Hex  Thick 

•  Button  -  Used  for  bolts  and  cap  screws. 

•  Hex  Slotted 

•  Fillister  -  Available  with  slotted  or  Phillips 

•  Hex  Castle 

driving  recess  for  machine  screws,  tapping 

•  Hex  Flange 

screws  and  cap  screws. 

•  Track  Bolt 

•  Flat  Fillister  -  Used  in  counterbored  holes 

•  Square 

that  require  a  flush  screw. 

•  Acorn 

•  Flat,  82°  -  Use  where  flush  surface  is  desired. 

•  Twelve  Point 

•  Flat,  100c  -  Larger  head  than  82°  design. 

•  Flat  Undercut  -  Permits  flush  assemblies  in 

thin  stock. 

•  Headless  -  Used  for  set  screws  only. 

•  Hex  -  Standard  head  for  machine  bolts  and 

CLASSIFICATION  OF 

screws. 

METAL  WASHERS 

•  Hex  Washer  -  Used  for  machine  screws  and  tapping 

screws. 

Group  Type 

•  Oval  -  Similar  to  standard  flat  head. 

•  Pan  -  For  use  instead  of  round  head  screws. 

•  Flat  ASA  Type  A 

•  Round  -  Used  for  bolts,  machine  screws,  cap 

screws  and  drive  screws. 

•  Plain  ASA  Type  B 

•  Round  -  Countersunk  -  Used  for  bolts  only. 

•  Round  Washer  -  Used  for  tapping  screws  only. 

•  Spring  Conical 

•  Square  (bolt)  -  Generous  bearing  surface  for 

Belleville 

wrench  tightening. 

Serrated  Edge 

•  Square  (set-screw)  -  Can  be  tightened  to  higher 

Wave 

torque. 

Ramp  Conical 

•  Truss  -  For  covering  large  diameter  clearance 

Helical  Spring 

holes  in  sheet  metal. 

•  Twelve-point.  -  Available  for  bolts  and  rachine 

•  Tooth  Standard 

screws . 

Special 

USING  FASTENERS:  The  geometric  configuration  of  bolts,  screws,  nuts,  and  washers 
should  be  carefully  reviewed  when  selecting  a  fastener. 
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Section  3  -  Important  Design  Considerations 


DESIOnOlO  FOR  MATERIAL  COMPATIBILITY 


The  designer  should  be  Interested  in  matching,  in  so  far  as  he  can,  the  total 
mechanical  and  physical  characteristics  of  all  of  the  contributing  ■sabers,  parts, 
and  assemblies  of  the  structural  system, _ 


Galvanic  couples  and  electrolysis  are  probably  the  chief  reasons  far 
avoiding  the  placement  of  dissimilar  metals  adjacent  to  one  another. 
Crevices,  cavities,  and  entrapments  usually  are  places  where  galvanic 
corrosion  is  manifested  and  obviously  very  difficult  to  detect.  It  is 
usually  not  detected  until  it  has  gone  so  far  that  the  part  has  completely 
deteriorated.  The  effect  of  the  pLIvmnlc  couple  may  be  transmitted  through 
a  succession  of  parts  until  it  comes  to  that  part  which  rill  be  sacrificed. 
This  may  be  incidental  or  it  say  be  critical  to  the  functioning  of  the 
system. 

The  techniques  available  for  preventing  galvanic  coupling  are  fairly 
classical  and  known  to  most  designers.  The  point  to  remember  is,  vir¬ 
tually  no  applied  finish  plating  or  material  used  as  an  insulating  mem- 
brane  will  be  as  successful  as  choosing  non-coupling  materials  at  the 
outset.  At  least  one  of  the  acceptable  devices  in  this  regard  is  to 
provide  a  sacrificial  element;  one  which  is  designed  to  be  anodic,  and 
which  will,  in  fact,  lose  its  loos  while  preventing  all  the  rest  of  the 
parts  of  the  equipment  from  changing  their  composition.  This  is  an 
acceptable  technique  and  requires  periodic  maintenance  and  Inspection  of 
the  sacrificial  element  so  that  it  can  be  replaced,  once  the  couplee  have 
coMencert  *c  operate.  In  addition  to  the  carroeive  effects  already 
mentioned,  there  is  a  need  far  compatibility  and  consistency  of  materials 
within  the  structural  system.  In  non  -  structural  elements  such  as  circuit 
components,  it  is  necessaxy  to  use  specific  materials  for  corrosion 
resistance,  capacity,  or  conductivity.  In  the  case  of  the  structural 
materials,  we  would  do  well  to  try  to  arrange  the  materials  which  are  in 
the  same  general  region  of  thermal  expansion  and  contraction  to  be 
adjacent  to  one  another.  It  is  difficult  to  make  a  lamination  of  steel 
and  aluminum  with  the  expectation  that  under  widely  varying  temperatures 
it  will  not  set  up  some  rather  severe  stresses  due  to  dissimilarities  in 
thermal  expansion  characteristics. 

Fatigue  limits  also  should  be  a  consideration  in  selecting  materials  far 
a  structure.  In  selecting  structural  metals  for  environments  of  shock 
and  vibration,  the  most  desirable  properties  are  high  ductility  and  high 
yield  point. 

Temperature  effects  on  rubber  and  thermoplastic  materials  in  electronic 
equipment  must  also  be  considered.  These  materials  became  mare  brittle 
at  low  temperatures,  as  do  almost  all  materials.  Conversely,  at  higher 
temperatures,  their  stiffness  decreases.  Therefore,  if  shock  or  vibration 
is  imposed  upon  electronic  equipment  exposed  to  temperature  extremes,  it 
is  necessary  to  consider  these  changes  in  the  physical  properties  of  these 
materials.  For  example,  the  change  in  the  stiffness  of  wire  insulation 
will  reoult  in  a  change  in  resonant  frequency,  or  a  change  in  stiffness 
of  potting  material  may  cause  it  to  flow  at  high  temperatures. 
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SPECIFIC  STRENGTH 

High 


THE  GALVANIC  TABLE 

Anodic 

(active) 

Magnesium 
Magnesium  Alloys 
Zinc 

Galvanized  Steel 
Aluminum  6 053 
Ale lad 

I  Cadmium 

Aluminisn  2024 
Mild  Steel 
Wrought  Iron 
Cast  Iron 

18-8  Stainless  Steel  (active) 

Lead 

Tin 

Naval  Brass 
Nickel  (active) 

Yellow  Brass 
Red  Brass 
Copper 

Silver  Solder 
Nickel  (passive) 

Titanium 

18-8  Stainless  Steel  (passive) 

Silver 

Graphite 

Gold 

'  Platinum 

Cathodic 
( noble ) 


ii  Titanium  and  Its  Alloys 

Martensitic  Stainless  Steels 
Ultra  High  Strength  Steels 
Alloy  Steels 
Aluminum  Alloys  (hard) 

Carbon  Steels  (h&t) 

Magnesium  Alloys 
Nickel  and  Its  Alloys 
Carbon  Steels  (hot  rolled) 
Carbon  Steels  (cold  worked) 

1  Aluminum  Alloys  (annealed) 
Plain  Brasses  (hard) 
Malleable  Irons 
Precious  Metals 
Lead  and  Its  Alloys 

Low 

THERMAL  EXPANSION 

High 

Zinc  and  Its  Alloys 
Magnesium  Alloys 
!  Aluminum  and  Its  Alloys 
Tin  and  Aluminum  Brasses 
Silver 

f  Stainless  Steels 
Coppers 

j  Nickel-Base  Superalloys 
Nickel  and  Its  Alloys 
Alloy  Steels 
Alloy  Steels  (cast) 

Malleable  and  Wrought  Irons 
Martensitic  Stainless  Steels 
Ferritic  Stainless  Steels 
Gray  Irons  (cast) 

,  Molybdenum  and  Its  Alloys 


Low 


MATERIAL  COMPATIBILITY:  The  designer  should  select  materials  that  are 
similar  in  their  reaction  to  the  imposed  environmental  stresses. 


( 


VOLOKS  III  -  CEAFTR  11 
FACKAGDC  DBIGi  TKBUQDB 

SBCTIOI  k  -  APFBDIX 


•  Bibliography 


ms  mo*  rwmrrumux  un  wa m 


! 


\ 


ll.fc-0 


VOLUME  III 


*  ' 


^  * 


BIBLIOGRAPHY 


1.  Smith,  C.  L.,  "Tips  on  Fatigue",  Dept,  of  the  Navy,  U.  S.  Government 
Printing  Office,  1963 

2.  Klein,  E.,  ed.,  "Fundamentals  of  Guided  Missile  Packaging",  Naval 
Research  Laboratory,  July  1955 

3.  Barblere,  R.  E.,  and  Hall.  v  ,  "Electronic  Designer’s  Shock  and 
Vibration  Guide  for  Airborne  Application",  USAF,  WADC  Technical 
Report  58-363,  December  1958 

4.  Sullivan,  J.,  "Guide  for  the  Selection  and  Application  of  Shock  Mounts 
for  Shipboard  Equipment",  Naval  Ship  System  Command,  February  1967 

5.  Roticka,  J.  E.,  "Application  of  Modern  Vibration  Control  Techniques  In 
Electronics  Packaging  and  Production",  Proceedings  Nepcon,  June  1963 

6.  Forkois,  H.  M.,  and  Woodward,  K.  E.,  "Design  of  Shock  and  Vibration- 
Resistance  Electronic  Equipment  for  Shipboard  Use",  NHL,  June  1956 

7.  Belsheim,  R.  0.,  and  O'Hara,  G.  S.,  "Shock  Design  of  Shipboard 
Equipment",  BuShips,  May  1961 

8.  Magner,  R.  T.,  "Design  for  Shock  Resistance",  Product  Engineering, 
December  1962 

9.  Vlgness,  I.,  "Analyses  of  Shock  and  Vibration  Motions",  Instrument 
Society  of  America  Report,  September  I960 

10.  Wood,  F.  W.,  "Electronic  Chassis  Design",  Machine  Design,  September 
1958 

11.  Billings,  T.  M.,  "Designing  for  Vibration  and  Shock  Resistance", 
Environmental  Quarterly,  1957 

12.  Lerner,  R.  L.,  and  Zlde,  L.,  "Countering  Shock  and  Vibration", 
Electronic  Products,  March  19 66 

13.  Lawrence,  H.  C.,  "Shock  and  Vibration  In  Electronic  Mounting", 
Space/Aeronautics  R  &  D  Handbook,  1959-1960 

14.  Packard,  P.  T.,  "When  Vibration  Threatens  Your  Product",  Product 
Engineering,  August  1961 

15.  Dickie,  R.  S.,  "How  to  Apply  Vibration  Isolators",  Electronics, 

December  1952 


■a  / 


11.4-1 


